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Abstract 

In the past few years, application of guided waves for damage detection has been a topic of 

significant interest for many studies. Conventional guided wave techniques have been widely 

used in industry and technology for material characterisation and quality assessment by making 

use of so called linear acoustic response of material. It generally results in modification of linear 

parameters of guided waves such as wave amplitude, wave velocity, wave mode, and wave 

reflection and transmission. However, conventional guided wave techniques rely on baseline 

data known as the major linear guided wave techniques culprit. Among all guided wave 

techniques, nonlinear guided wave has been known as a promising baseline free approach, 

which offers enhanced reliability and practicability for damage detection. However, 

understanding of nonlinear guided waves is of essential importance for detecting and localising 

defects in structures. The nonlinear approach to acoustic non-destructive testing (NDT) is 

concerned with nonlinear responses of the guided waves, which is inherently related to the 

frequency changes of the input signal.  

Nowadays, composite materials are widely used in structures due to their attractive 

properties such as higher stiffness to mass ratio and better corrosion resistance compared to 

metals. So far, most of studies on application of nonlinear guided waves have been dedicated 

to isotropic materials, such as aluminium and steel, whereas only a limited number of works 

have been carried out on application of nonlinear guided waves in anisotropic materials. 

Moreover, most of works in this area have focussed on classical nonlinearity raised from 

material nonlinearity whereas a limited number of researches have focused on non-classical 

nonlinearity raised from contact acoustic nonlinearity (CAN).  

This research deals with linear and non-classical nonlinear interaction of guided waves 

with defects in structures from both numerical and experimental prospective. The aim of this 

research is to investigate guided waves for damage detection and damage localisation by 

developing an advanced 3D explicit finite element model for predicting the interaction of 
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guided waves with defects in isotropic and anisotropic material. The study first focuses on linear 

guided waves for damage detection and is expanded to nonlinear guided waves. Chapters 3 and 

4 focus on linear guided waves whereas Chapters 5 and 6 focus on nonlinear guided waves. The 

numerical work has been carried by an advanced 3D explicit finite element code in ABAQUS 

v6.14. Verification of finite element models has been carried out by comprehensive 

experimental studies. The linear guided wave measurement has been carried out using high 

precision scanning laser Doppler vibrometer (Polytec PSV-400-3D-M) and nonlinear guided 

waves measurement has been captured using a computer controlled arbitrary waveform 

generator (NI PXI-5412) and a NI PXI-5105 digitizer. The data has been processed in time 

domain and frequency domain and time-frequency domain using Matlab.  

The results of this study provide an improved physical insight into linear and nonlinear 

guided waves techniques. The results show that guided waves can be used for detecting and 

locating damages in beams and plates. However, nonlinear guided wave technique is a better 

option as it does not rely on baseline data and is more sensitive to small damages than the linear 

guided waves. A nonlinear guided wave damage localisation technique is introduced in this 

study which can accurately detect and locate damages without relying on baseline data.  
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Introduction 

1. Aim and objectives 

Guided wave techniques have shown potential in various studies as a solution to structural 

health monitoring (SHM) for damage prognosis. However, application of guided waves in SHM 

is a new field and there is still much work to be done in order to integrate this technique to the 

industry. On the other hand, there are remarkable gaps in previous studies which need to be 

addressed. Therefore, an in-depth understanding and investigation of interaction of guided 

waves with structural defects are essential for utilisation of guided waves.  

This research will examine some of the fundamental issues in guided waves technique and 

aims at investigating the application of guided waves for damage detection in isotropic and 

anisotropic materials. In this research a comprehensive investigation will be carried out using 

numerical and experimental approaches. In summary, the overall objective of this research is 

to investigate the feasibility of using guided waves for detecting and locating defects in isotropic 

and anisotropic materials.  To achieve this objective, the aims are 

1. To gain fundamental understanding of guided waves propagation and scattering 

characteristics at defects, which are essential for developing practical and reliable guided 

waves-based damage detection techniques. In this aim, the scattering characteristics of 

fundamental asymmetric guided waves with defects will be thoroughly investigated.  

2. To gain new insight into the generation mechanisms of nonlinear higher order harmonics in 

composite materials which can enhance the detection and monitoring of damage in 

composite structures. 

3. To develop a reliable, accurate and realistic 3D numerical approach for prediction of 

propagation of guided waves in isotropic and anisotropic material. 
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4. To investigate the effects of various factors such as defect size, location and orientation, 

material damping and incident wave parameters on propagation and scattering 

characteristics of guided waves in isotropic and anisotropic material. 

5. To introduce a reliable and sustainable damage detection and damage localisation technique 

for detecting and locating defects. 

 

2. Significance and expected outcomes from the research 

The outcome of this study can be summarised as follows; 

1. The outcome of this research, will contribute in fundamental understanding of propagation 

and scattering characteristics of guided waves in isotropic and isotropic material. This will 

help potential researchers to extend this technique in other fields as well.  

2. The outcome of this research will contribute in better understanding of CAN due to clapping 

in delaminated composite beams. This will extend the application of nonlinear guided 

waves approach to more geometric complex structures and will recover existing gaps in the 

literature. 

3. In this study a 3D FE simulation techniques is introduced for predicting propagation and 

scattering of guided waves in isotropic and anisotropic material. 

4. This study provides a detailed study on effect of several parameters on scattering and 

propagation characteristics of guided waves.  

5. The common NDT guided waves based techniques often require a baseline data and are 

sometimes insensitive to small damages while the proposed approach in this study offers 

more reliability and accuracy in damage detection and damage localisation without relying 

on baseline data.  

 



             7  

 

3. Background knowledge 

3.1. Structural health monitoring 

SHM is defined as the process of implementing damage detection and characterization strategy 

for engineering structures to ensure the structural safety and functionality (Dawson 1976). SHM 

aims at assessing the working condition of a structure in order to in advance detect any incipient 

damage that may exist, which otherwise may lead to a catastrophic failure. SHM systems have 

increased their popularity by providing valuable solutions for structural maintenance in order 

to prevent catastrophic events and reduce the cost. In SHM: 

1– Allows an optimal use of the structure by minimising downtime and preventing catastrophic 

failures. 

2– Provides the constructor with an improvement in the products. 

3– Drastically changes the work organization of maintenance services by replacing periodic or 

scheduled maintenance with long-term performance-based maintenance.  

4- Reduces present labour cost by avoiding dismounting parts where there is no hidden defects 

or by drastically reducing human involvement and human error and thus increasing structural 

safety and integrity. 

5- Increases structural safety and sustainability by non-stop monitoring performance of the 

structure. This point seems to be a strong motivation for SHM application especially after 

aforementioned reported disasters due to structural failure, which could be prevented by using 

proper structural health monitoring system.   

 

3.2. Background of Structural Health Monitoring 

SHM plays an important role in structural safety and increasing life span of existing structures. 

Structural failures impose dramatic economic loss and human casualties that often happen due 

to structural damages, which can be prevented by utilisation of proper damage detection 

techniques. Although, many damage detection techniques have been introduced to address this 
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issue, many structural failures could still not be avoided. Below are some examples of collapses 

due to structural failure in the past 20 years which claimed many lives and injured several 

people. Collapse of a highway bridge carrying Interstate 95 over the Mianus River in 

Connecticut  USA (1993) killed and injured several motorists, caused by failure of two pin and 

hanger assemblies that held the deck in place on the outer side of the bridge (USA National 

Transportation Safety Board 1985) (Figure 1).   

 

Figure 1. Collapse of Interstate 95 Mianus Bridge in Connecticut - USA (Kirk & Mallett 2007) 

Collapse of Interstate I- 35W Mississippi River Bridge in USA (2007) killed 13 and injured 

145 people, was a result of improper design and excess weight (Kirk and Mallett 2007). 

Collapse of Sultan Mizan Zainal Abidin Stadium in Malaysia (2009) was identified to be due 

to the design faults and inappropriate materials.  

In the recent years, SHM has been successfully tested and integrated to various types of 

structures such as damns, bridges, buildings, and aircrafts. Below are a few successful examples 

of SHM utilisation in structures.  

In 1998, a crack monitoring system using optical fibre sensors was implemented in a 

temporary ship milldam and concrete face rock fill dam of the Three Gorges Project located in 

Xingshan county of Hubei province in China. In June 16 and July 30, 1998, the SHM system 

reported a crack with 0.2mm length on the concrete face of dam which was verified by a person 

checking in the field (Jinping Ou 2003). A health monitoring system was developed for a steel 

jacket platform in Bohai Ocean under the project supported by the National Hi-tech Research 

and Development Program of China. The system includes more than 200 OFBG sensors, 177 
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PVDF sensors, 56 fatigue life meters, 16 acceleration sensors, a set of environmental condition 

monitoring system and also the transmission wire (Jinping Ou 2003). 

3.3. Non-destructive testing  

In the last two decades, there has been an increasing awareness in importance of Non-

destructive testing (NDT). As such, many studies have been dedicated to develop non-

destructive damage detection techniques. NDT is defined as the process of inspecting, testing, 

or evaluating materials, components or assemblies for discontinuities, or differences in 

characteristics without destroying the serviceability of the part or system. In other words, when 

the inspection or test is completed the part can still be used. In contrast to NDT, common 

damage detection techniques are often destructive in nature and are usually done on a few and 

limited number of samples or on a certain part instead of whole structure. Although NDT is 

used as a tool in SHM but there are major differences between SHM and NDT in term of 

operation principles. NDT techniques are usually done offline and are applied in the region 

where damage are expected to be (Stepinski & Staszewski 2003), while a typical SHM system 

is often associated with an online global damage identification in the structure which makes it 

more complicated (Farrar & Worden 2007). Figure  shows the SHM components and its link 

with NDT    

 

Figure 2. SHM components and its relation with NDT (Stepinski & Staszewski 2003)  
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Today, different NDT techniques are used in manufacturing, fabrication and in-service 

inspection of structures to ensure the integrity and reliability. During the construction, NDT is 

used to ensure the quality of the materials and joining process in fabrication and during erection. 

In-service NDT techniques are used to ensure that the elements in use continue to provide 

service in order to ensure the quality and safety of the structure. NDT applications are 

commonly used in aerospace engineering and civil structures, automotive, power generation, 

railway and pipeline.  

Below, are some of the major NDT techniques;   

1. Radiography - X and Gamma 

2. Eddy current technique  

3. Visual inspection  

4. Acoustic emission  

5. Magnetic particle inspection 

6. Traditional ultrasonic 

7. Guided wave technique 

However, some techniques are inefficient during implementation and are costly, and some 

techniques are unreliable due to uncertainty in accuracy and reliability of the results. For 

example, Radiography-X and Gamma techniques are unsuitable for thick media, eddy current 

techniques is only applicable for electrically conductive materials and the visual inspection 

technique encounters structural components removal, which can be costly and may involve 

human errors as well. Similarly in acoustic emission technique, it is possible for flaws to be 

undetected if the loading is not high enough to cause an acoustic event. Magnetic particle 

inspection is time consuming and inapplicable for non-ferrous materials and non-magnetic 

ferrous materials, such as stainless steel. Therefore, only a few techniques have been successful 

in damage detection. The conventional non-destructive structural tests usually consume a 

significant amount of time and energy and also involve heavy workload for inspection. 
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Moreover, during the implementation of these techniques, they cause interruptions to the 

service of the structure. These techniques have been comprehensively reviewed and evaluated 

by researchers such as Rose (2002), Sohn (2003), Van Der Auweraer (2003), Su et al. (2006) 

and Raghavan (2007).  

Among aforementioned damage detection techniques, guided waves technique has been 

recognized as a very prominent option. Guided waves due to their attractive mechanisms, can 

offer an efficient method for damage detection, localisation and also quantification and 

characterisation. Since the characteristics of guided waves are directly related to the properties 

of the material, they are known as one of the powerful and well-established NDT and SHM 

techniques in the industry.  

4. Thesis structure 

The research starts with investigation of linear interaction of guided waves with structural flaws 

in isotropic and anisotropic material and is eventually expanded to nonlinear interaction of 

guided waves with delamination in anisotropic material. With the aim of better understanding 

of the guided waves propagation in structures, two chapters of this thesis focus on linear guided 

waves. The linear guided waves study provides some insight into propagation of guided waves 

in beams and plates. Moreover, the numerical and experimental methods used in the first part 

are then used for initial verification of approaches used in nonlinear guided wave studies. 

Chapters 5 and 6 of the thesis, are focussed on propagation of nonlinear guided waves in 

composite beams in form of nonlinear guided waves scattering study and investigating the 

effects of various parameters on nonlinear guided waves propagation. Results of Chapter 5 are 

used for introducing a nonlinear guided waves technique for damage detection and damage 

localisation in composite beams. Conclusions and recommendations for future works are 

presented in Chapter 7. 
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The major research contribution and outcomes of the overall researches are presented in four 

journal publications, which form the thesis. The titles of Chapters 3 through Chapter 6 reflect 

the title of the journal papers. 

4.1. Chapter 2 

This chapter provides a brief discussion about guided wave technique, nonlinear guided 

wavesand contact acoustic nonlinearity (CAN). 

4.2. Chapter 3 

In this chapter, scattering analysis of the asymmetric Lamb wave (A0) in aluminium plate with 

notches is investigated. The study involved both analytical and numerical approaches. Initially, 

a finite element based modelling approach is proposed for simulation of propagation of 

asymmetric Lamb waves in aluminium plates with notches. The model is verified using an 

analytical method and is then used for scattering analysis of propagation of asymmetric Lamb 

waves in aluminium plates with several notches of different sizes and orientations. The study 

shows that the amplitude of the scattered A0 Lamb wave is very sensitive to the incident wave 

propagation and measurement direction. Moreover, it is shown that the FE simulation can be 

used for prediction of propagation of A0 Lamb wave in Aluminium plates with notches. 

4.3. Chapter 4 

In this chapter, mode conversion of asymmetric guided waves due to delamination in composite 

beams is investigated. The study involves both experimental and numerical approaches. Several 

composite beams with different delamination to wavelength ratios and delamination through 

thickness locations are studies. It is shown that several guide waves modes are generated when 

asymmetric guide waves pass through delamination. The results of this chapter, provide some 

insights into damage detection using guided waves. Moreover, a special finite element 

modelling approach for modelling the propagation of guided waves in delaminated composite 

beams is proposed which is successfully verified using experimental data.  
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4.4. Chapter 5 

In this chapter, nonlinear response of guided waves particularly CAN is studied. The linear 

parameters of the guided waves are initially verified using the method described in previous 

chapters and then nonlinear interactions of the guided waves in delaminated composite beams 

are investigated in detail. Numerical and experimental approaches are used in this chapter. 

Several delaminated composite beams are studied numerically and experimentally. The data is 

processed in time, frequency and time and frequency domain. It is shown that FE simulation 

can predict the acoustical nonlinearity due to interaction of the guided waves with delamination. 

Moreover, it is shown that CAN generates higher harmonic which is a good indicator of 

delamination in composite beams. The effects of other parameters such as material damping, 

the incident wave amplitude and number of cycles and through thickness location and the size 

of delamination on second harmonic of the guided waves is investigated. 

4.5. Chapter 6  

Chapter 6 is focussed on using nonlinear parameters of the guided waves for damage detection 

and damage localisation of the delamination in composite beams. In this chapter, a damage 

localisation approach for locating delamination in composite beams is proposed and verified 

using experimental case studies. Numerical and experimental approaches are used in this 

chapter. The study shows that the proposed damage detection and localisation techniques can 

be successfully used for detecting and locating delamination in composite beams.  

4.6. Chapter 7 

Chapter 7 provided a summary of the thesis. 

5. List of publications  

During the study, one conference paper and four journal papers have been produced which are 

listed as follows: 
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5.1. List of journal papers 

1. Soleimanpour, R, Ng, C.T. Scattering of the fundamental anti-symmetric Lamb wave at 

through-thickness rectangular notches in isotropic plates. Civil Structural Health 

Monitoring, 2016; 6(3), 447-459. 

2. Soleimanpour, R, Ng, C.T. Mode conversion and scattering analysis of guided waves at 

delaminations in laminated composite beams. Structural Monitoring and Maintenance, 

2015; 2(3), 213-236. 

3. Soleimanpour, R, Ng, C.T., Wang, C. Higher harmonic generation of guided waves at 

delaminations in laminated composite beams. Structural health monitoring, 2016 (In-

print). 

4. Soleimanpour, R, Ng, C.T. Locating delaminations in laminated composite beams using 

nonlinear guided waves. Engineering Structures, 2016 (Under peer review). 

5.2. List of conference paper 

1. Soleimanpour, R, Ng, C.T. Numerical study of nonlinear guided waves in laminated 

composite beams with delaminations, 8th Australasian Congress on Applied 

Mechanics, 2014;379-388. 
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Chapter 2: Linear and Nonlinear Guided Waves 

1. Guided waves technique 

Guided wave testing is one of latest techniques in NDT. The method employs mechanical stress 

waves that propagate in the structure which are guided by structure’s boundaries. This allows 

the waves to travel a long distance with a very little loss in energy. Nowadays, guided waves 

technique is widely used for damage detection in a wide range of engineering structures, such 

as pipelines, aircrafts, railways and bridges. In this technique, large structures and big areas can 

be inspected from a single location. Guided waves can propagate in various structures such as 

bar, beam, plates and pipes. Early studies of guided waves were carried out by Rayleigh (1889), 

Lamb (1917), Stoneley (1924) and Love (1926). Comprehensive analyses of guided waves were 

performed by Viktorov (1967), Achenbach (1973), Graff (1975) and Rose (1999). Guided 

waves have many advantages over other techniques such as cost effectiveness, large area 

monitoring, sensitive to small damage, feasibility of in-situ monitoring and inaccessible area 

inspection. Since this technique can be applied for in-situ monitoring of the structure, 

maintenance of the structures can be performed without any interruption in the service. This is 

why there is an increasing interest in utilisation of guided waves for damage detection and 

maintenance of the structures. The guided wave techniques are generally categorized into linear 

techniques and non-linear techniques. The linear techniques include phased array and sparse 

array time-reversal imaging method, pitch-catch and pulse-echo methods (Su et al. 2006). The 

linear techniques reply on linear parameters of the guided waves such as wave reflection, wave 

transmission, wave attenuation, wave speed and wave amplitude whereas the prevalent 

nonlinear techniques are higher harmonic generation, subharmonic generation, and mixed 

frequency response (nonlinear modulation). 

2. Propagation of guided waves in solids 

Guided waves are a general term that refers to waves whose propagation characteristics depend 

on structural boundaries. Bulk waves propagate in infinite media without any restriction and 
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the wave type differs depending on restriction imposed on media. Longitudinal waves and shear 

waves are two wave components of bulk waves. The particle motion in which the longitudinal 

waves propagate is compressing or stretching and the direction of medium point motion is 

parallel to the direction of wave propagation. In case of shear waves, transverse particle motion 

in alternating direction is observed and the direction of medium point motion is perpendicular 

to the direction of wave propagation. Shear waves can be horizontal (SH) or vertical (SV) 

depending on particles motion direction. The following sections describe different types of 

guided waves and the boundary conditions by which they are generated in a media. 

 

3. Rayleigh waves 

Rayleigh wave propagate in a 3D solid bounded by one surface. Rayleigh waves are surface 

guided waves that travel near the surface of the media and are names after the famous English 

physicist Lord Rayleigh (1885). Rayleigh waves include both longitudinal and transverse 

motions. The particle motion consists of elliptical movement in the x-y vertical plane and of 

motion parallel to the wave propagation direction that decreases exponentially in amplitude as 

distance from the surface increases. There is a phase difference between these component 

motions (Figure 1a) (Ostachowicz 2011, Telford 1990). 

4. Love Waves 

Love waves are names after A. E. H. Love, the famous mathematician (1911) and they 

propagate in 3D solids when a surface in bounded.  Love waves are horizontally polarized 

surface waves and are characterised by particles oscillation in alternating transverse movement. 

Similar to Rayleigh waves the particle motion amplitude decreases with depth. The direction of 

medium particle oscillation is horizontal and is perpendicular to the wave propagation direction 

(Ostachowicz 2011) (Figure 1b). 
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Figure 1. a) Rayleigh Wave b) Love Wave displacement in a solid 

5. Lamb waves 

Lamb waves were discovered by the famous British mathematician Horace Lamb who 

developed the theory of propagation of Lamb waves in solids in 1917. However, Lamb waves 

did not attract researchers due to complexity of understanding and generating of them. A 

comprehensive solution to Lamb waves was completed by Mindlin in 1950, followed by 

considerable detail provided by Gazis in 1958. Lamb waves were not generated physically until 

1961 when Worlton managed to generate and use them in damage detection. Later Fredrick and 

Worlton carried out experiments on Lamb waves. Viktorov in 1967 first evaluated the 

dispersive properties of Lamb waves.  

 

Figure 2. Lamb wave mode shapes in a solid: a) symmetric b) asymmetric mode Lamb wave 

Comprehensive studies of Lamb wave were done by Achenbach (1973), Graff (1975) and Rose 

(1999). During the Second World War Lamb waves were used in medical industry. It was only 

in 1990 that the importance and efficiency of Lamb waves in detecting structural damages was 

discovered and since then their usage in NDT has increased significantly. Lamb waves are 
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mechanical waves which propagate in infinite media bounded by two surfaces and are generated 

as a result of superstition of multiple reflection of longitudinal P waves and shear SV waves. 

When Lamb waves propagate, medium particle oscillation becomes very complex. Lamb waves 

are dispersive; meaning the value of wave velocity is dependent on the value of wave frequency. 

Three forms of Lamb wave propagate in a media depending on the distribution of stress and 

forces on the top and bottom surfaces; 1) symmetric mode (S0, S1, S2,…) (Figure 2a) 2) 

asymmetric mode (A0, A1, A2,…) (Figure 2b) 3) shear horizontal mode (SH0, SH1, SH2,…) of 

which symmetric and asymmetric modes have attracted researchers due to their abilities in 

damage detection. It should be noted that the number of Lamb wave modes are infinite contrary 

to bulk waves.  

5.1. Lamb waves dispersion curve 

Dispersion curve which is the fundamental way to describe the Lamb wave propagation in a 

solid medium for example an aluminium plate (Figure 3). In 1877, Lord Rayleigh observed that 

the velocity of a group of waves can be different to the value of each individual wave and 

described two definitions of wave velocity as group velocity and phase velocity. The group 

velocity is the velocity at which a guided wave packet will travel at a given frequency while the 

phase velocity is the speed at which the individual peaks within that packet travels.  

 

Figure 3. Phase velocity dispersion curve (Pavlakovic and Lowe) 
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In general, the computation of dispersion relations of the frequency and the wavenumber 

requires finding the roots of a complicated determinant which can be solved numerically. 

DISPERSE v2.0.16b is a powerful software which has been created to generate dispersion curve 

for various systems as well as composite materials through Global Matrix method in imperial 

college of London (Pavlakovic and Lowe 2003). Calculation of phase velocity, group velocity, 

mode shapes and other characteristics of waves in various systems such as flat plate or 

cylindrical geometries, with arbitrary numbers of layers can be done by DISPERSE. This 

software uses robust root finding and mode tracing procedures, which have evolved through 

extensive modelling experience and has been verified by wide use, comparison with published 

materials and experiments. 

6. Nonlinear guided waves 

Linear guided waves are generally sensitive to gross defects such as open cracks, holes, notches 

and large scale corrosion. However, it is highly desirable to detect damage at the smallest scale 

possible to maintain the best achievable structural integrity. Nonlinear ultrasonics has been 

shown to have the capability to provide sensitivity to micro-structural defects and closed cracks. 

To tackle the limitation of linear guided wave techniques, a body of research has gone into the 

development of nonlinear guided waves techniques, which focusses on nonlinear characteristics 

such as harmonics and modulations (spectral sidebands) created by defects. Nonlinear Lamb 

wave focuses on nonlinear acoustical phenomena which can be related to various imperfections 

of materials microstructure or non-symmetric thermoelastic behaviour of interfaces such as 

crack, contact and rubbing or clapping surfaces. Some of nonlinear acoustical phenomena are 

1) higher harmonic generation, 2) sub-harmonic generation, 3) nonlinear resonance and a 4) 

mix frequency response, of which the first and last phenomena are very common in evaluating 

acoustic nonlinearities of the mediums. Nonlinear methods involving intrinsic or materials 

global nonlinearity are referred as nonlinear elasticity that have been used for detecting 

materials imperfections such as micro cracks. Nonlinear methods, which focus on thermoslastic 
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behaviour of interfaces referred as local nonlinearities, have received a lot of interest in 

theoretical and applied research in the past few years. Nonlinear ultrasonic technique is an 

efficient type of guided wave technique which uses distinctive side bands and higher harmonics 

and has proven itself as a promising technique for detecting inherent structural flaws due to 

higher sensitivity to structural damages and large inspection range.  

Generally, the nonlinear acoustic phenomena is divided into classical and non-classic nonlinear 

responses. The classical non-linear response is concerned with material imperfections such as 

intrinsic nonlinearities due to imperfections in atomic lattices leading to higher harmonic 

generation whereas the latter is usually concerned with contact acoustic nonlinearity (CAN). 

As such, non-classical nonlinear response, mostly deals with contact type defects in material. 

Fatigue cracks, micro-cracks, material nonlinearity or other material imperfections are some 

sources of classical non-linear response while delamination-wave interactions that exhibit 

vibro-acoustic modulations, sub-harmonic generation or stress-strain hysteresis are some 

sources of non-classical nonlinear responses. Research work in classical nonlinear response 

mostly relies on higher harmonic generation of guided waves due to its interaction with the 

material imperfections whereas the non-classical responses replies on interaction of guided 

waves with interfaces. Non-classical nonlinear responses are sensitive feature in detecting 

contact type damages in medium. Specially, when the contact region (i.e. crack or delamination) 

is closed there will not be any reflection from damage, meaning that it will remain undetected 

by linear guided waves, while nonlinear guided waves will detect the existence of the damage 

by generating higher harmonics.  

6.1. Contact Acoustic Nonlinearity (CAN) 

Contact acoustic nonlinearity (CAN) is a nonlinear effect resulting from mechanical interaction 

between damage interfaces appearing as generation of higher harmonics. Consider a 

propagating sinusoidal wave passing through a closed crack perpendicularly (Figure 4a-c). In 

this case, the compressional part of the wave penetrates into the contact region (Figure 4a) while 
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the tensile part does not (Figure 4c).  Thus, after hitting the interface region, the waves shape 

becomes nearly half-wave rectification, which causes obvious nonlinearity in form of higher 

harmonics.  

Two mechanisms are possible due to interaction of interfaces with propagating incident wave. 

The first one is referred as clapping which is generated due to asymmetry in stress-strain 

characteristics for damaged interfaces and causes the stiffness of the materials to be higher for 

compression than for tension. It is observed as several harmonics of the fundamental wave. The 

other mechanism, which cause change in materials stiffness is due to interaction of a shear 

acoustic wave in damage area and is refereed as symmetrical nonlinearity which results in 

generation of odd harmonics. 

 

Figure 4. Interaction of incident wave with interface (Pecorari and Solodov 2006) 

This mechanism is often caused by the friction forces between damage interfaces when they 

slip. The clapping behaviour, which is caused by asymmetrical dynamics of the interface 

stiffness, can be approximated by a stress-strain relation as (Solodov 2002) 

 𝜎 = 𝐸𝐼𝐼[1 − 𝐻(𝜀 − 𝜀0) (
ΔE

𝐸𝐼𝐼
)]𝜀 (1) 

 ΔE = [E𝐼𝐼 − 
dσ

𝑑𝜀
 ] for ε>0 (2) 

where ε is strain and σ is stress, 𝐻(𝜀) is the Heaviside unit step function and 𝐸𝐼𝐼 is the intact 

material second-order linear elasticity.  𝜀0 is the initial static contact strain. 

Tensile 
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In the recent years, CAN has been investigated by a number of researchers. Kim et al. 

(2011) developed a nonlinear model for CAN of a closed crack in aluminum plate in order to 

analyze the nonlinear characteristics of the transmitted waves. It was shown that the interfacial 

stiffness has a significant effect on the amplitude of the resultant second order harmonic. 

Solodov et al. (2014) investigated the acoustic wave interaction with crack in solids using 

numerical and experimental approaches. It was shown that changes in the interface stiffness 

characteristics are the major cause of CAN. The stiffness parametric modulation and instability 

of oscillations are due to the asymmetry in the contact restoring forces, which results in the 

generation of sub-harmonics. Hong et al. (2012) investigated the phenomenon of CAN due to 

breathing fatigue cracks and the material nonlinearity using a piezoelectric sensor network. It 

was shown that the relative acoustic nonlinearity parameter increases proportionally with the 

wave propagation distance. Kishiwada et al. (2009) used fundamental antisymmetric mode (A0) 

Lamb wave for detecting clapping between two thin aluminum plates under different loads at 

the contact interface. It was shown that higher or odd harmonics of Lamb wave are generated 

due to clapping between two aluminum plates. Moreover, the applied load affects the dispersive 

behavior of asymmetric Lamb waves. It was shown that the phenomena of generation of odd 

harmonics due to clapping effect could be used for damage detection and imaging. More 

advanced non-classical nonlinear response techniques such as modulation methods were 

invented by Korotkov et al. (2014) and Donskoy et al. (2001) which involved both classical 

and non-classical nonlinear responses and exploited the effects of the nonlinear interaction 

between ultrasonic probing signal and a low frequency vibration for damage detection. 
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Chapter 3: Scattering of the fundamental anti-symmetric 

Lamb wave at through-thickness rectangular notches in 

isotropic plates 

Abstract. Lamb wave based structural health monitoring technique is one of the promising 

techniques for detecting damages in structures. Among different types of guided waves, the 

fundamental anti-symmetric Lamb wave (A0) has attracted considerable attention for damage 

detection in plates due to its outstanding properties, such as sensitivity to small and different 

types of defects, which make it a powerful tool for damage detection. Notches are one of the 

major culprits in metallic structures, which affect their durability and serviceability. Once the 

notch appears on the structures, it can affect its serviceability. It is important to detect notches 

at early stage to avoid any catastrophic failure of the structures. This paper presents an study 

on the capability of using the A0 Lamb wave in detecting notches in aluminium plates, in which 

the scattering behaviour of the A0 Lamb wave at through-thickness notches in aluminium plates 

is studied in detail. 3D explicit finite element (FE) simulations are used to provide a 

comprehensive study on the scattering characteristics of the A0 Lamb wave at notches with 

different sizes and orientations. This study also considers different incident and scattered wave 

directions on the scattering characteristics. The results show that scattering characteristics of 

the A0 Lamb wave are sensitive to the size and orientation of notches. The findings of this study 

can improve the understanding of the capability of the A0 Lamb wave in detecting the notches 

and further advance damage detection techniques. 

Keywords: scattering, anti-asymmetric mode, Lamb wave, 3D finite element, through-

thickness notch 

1. Introduction 
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The use of Lamb waves in non-destructive evaluation and structural health monitoring has 

attracted considerable attention in the last few decades [1-4]. Different damage detection 

techniques using Lamb waves have been developed to detect, locate and identify defects in the 

variety of engineering structures [5,9]. It has been demonstrated that Lamb waves are 1) able 

to inspect large areas, 2) sensitive to detect different types of defects and 3) efficient in detecting 

small defects in thin-walled structures. The use of Lamb waves for damage detection relies on 

the wave scattering at the defects and it usually requires baseline subtraction to extract the 

scattered wave signals due to the complexity of the received signals and the structures being 

inspected [10]. Therefore, the characteristics of the scattered waves, such as scattering 

magnitude and directivity pattern are important for the damage detection. 

In the last decade different research works have focused on investigating the characteristics of 

Lamb wave propagation and scattering at different types of defects, such as crack [11], hole 

[12], corrosion [13], delamination [14] and debonding [15,16,17]. The findings of these studies 

have improved fundamental insights into the scattering phenomena of Lamb waves at the 

defects, which have supported the developments of the damage detection techniques using 

Lamb waves. Early researches focused on using analytical models to investigate the scattering 

characteristics but they are only available for defects with simple geometry, such as circular 

through hole [18], part-thickness circular defects [19]. Analytical and models also exist for 

Lamb wave scattering at cracks [20,21] but these have restrictions on the geometry of the crack.  

Numerical simulation methods, such as finite difference method [12], finite element (FE) 

method [22,23], spectral FE method [16,17,24], elastodynamic finite integration method [25] 

and local simulation method [26] have been employed to investigate the fundamental 

symmetric (S0) and anti-symmetric (A0) Lamb wave scattering at different types of defects. For 

common structural defects such as cracks and notches, a number of studies have been carried 

out using the numerical methods in the literature; Wang and Shen [27] employed a T-matrix 

and the boundary element hybrid method to study the scattering of the S0 Lamb wave at crack 



             29  

 

in a plate. The reflection and transmission coefficient were studied as a function of frequency. 

Lowe et al. [28] studied the reflection characteristics of the A0 Lamb wave from surface-

breaking rectangular notches in isotropic plates using a two-dimensional (2D) FE method and 

experimental data. They showed that the reflection coefficient exhibits a consinusoidal periodic 

shape when it is plotted as a function of the notch width due to the interference between the 

separate reflections from the start and the end of the notch. Lowe and Diligent [29] investigated 

the low-frequency reflection characteristics of the S0 Lamb wave from a rectangular notch in a 

plate using a 2D FE method. The numerical simulation results were compared with 

experimental data. An interference phenomenon was identified that explains the periodic nature 

of the reflection coefficient as a function of notch width. Lu et al. [30] analysed the S0 Lamb 

wave interaction at a through-thickness cracks in aluminium plates using three-dimensional 

(3D) FE method and experiment measurements. They analysed the effect of wavelength of the 

S0 Lamb wave and wave diffraction on the properties of the reflection and transmission 

coefficients. Moreau et al. [13] proposed a FE modelling approach for predicting S0 and the A0 

Lamb waves scattering at irregular defects. The study showed that significant performance 

improvement can be achieved by optimising some parameters of the numerical model, such as 

size of elements and smoothness of the defect geometry. Quek et al. [31] and Salvino et al. [32] 

used the Hilbert transform to process guided waves in plates with notches. This technique 

separates the guided waves into an intrinsic mode functions and a residue which is followed by 

the Hilbert transform to determine the energy time signal of each mode for locating the notch. 

Sun et al. [33] used continuous wavelet transform methods with a Morlet mother wavelet for 

characterising notches in pipes. 

Compared to the S0 Lamb wave, the A0 Lamb wave has a shorter wavelength, and hence, it is 

potentially more sensitive to small damage. In addition, the A0 Lamb wave is generally easier 

activated and has larger signal magnitudes than S0 Lamb waves at low frequency. Recently 

Fromme and Rouge [34] investigated directivity pattern of the scattered A0 Lamb wave at 



30 

 

notches and cracks. Both the 3D FE method and experimental data were used to study the 

amplitudes of the A0 Lamb wave scattering at these defects when the incident wave was at two 

difference directions. They demonstrated that the scattered wave has almost no energy at certain 

directions from the cracks. 

The aim of this research is to provide a comprehensive investigation of the A0 Lamb wave 

scattering characteristics at through-thickness notches in isotropic plates. In this study 3D 

explicit FE simulations were used to study the 3D characteristics of the A0 Lamb wave at 

through-thickness notches. The sensitivity of the A0 Lamb wave at notches with different sizes 

and orientations was assessed quantitatively. The scattering directivity pattern (SDP) was used 

to investigate the scattering characteristics of the scattered A0 Lamb wave at the notches in 

different directions. The findings of this study provides physical insights into the A0 Lamb wave 

scattering phenomena at through-thickness notches, which are important to further advance 

Lamb wave based damage detection techniques and optimise transducer networks for damage 

detection.  

The paper is organised as follows. Section 2 explains the 3D explicit FE simulation used in this 

study and describes calculation of group and phase velocity of Lamb waves. In Section 3, the 

FE models are described and numerical verification of the incident A0 Lamb wave is carried 

out using the software DISPERSE [35]. Section 4 presents an analytical verification of damaged 

models and described series of damage case studies. A comprehensive study of the A0 Lamb 

wave scattering at through-thickness notches is presented. A series of parameters, such as notch 

orientation, scattered wave direction and notch length to wavelength ratio are also studied and 

discussed in Section 4. Section 5 presents the conclusions of the study. 

2. Guided waves propagation in isotropic plates 

 

2.1. Numerical simulation and material properties 
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In this study, a 3D explicit FE method was used to simulate the A0 Lamb wave propagation in 

an aluminium plate. The size of the aluminium plate is 400mm × 200mm × 0.8mm, which is 

large enough to avoid the wave reflections from the plate boundaries in the scattering study. 

The FE software ABAQUS was used to model the aluminium plate. The plate was modelled 

using four-noded 3D doubly curved shell, reduced integration, hourglass control, finite 

membrane strains element (S4R), which approximates a 3D continuum with a 2D theory. Each 

of the nodes of this element has six degrees-of-freedom (DOFs). In this study the mesh size for 

all models is 0.4×0.4 mm2. Since the S4R element is a reduced integration element, a model 

with S4 shell elements, which uses the full integration in the simulation, was also used to model 

the Lamb wave propagation and the results were compared against the results of S4R shell 

elements. The S4 shell element uses full integration, and hence, it does not have problem of 

hourglassing but it is computationally more expensive. Therefore, the results of these two types 

of elements were compared to ensure the accuracy and to investigate the capability of S4R 

elements in simulating the Lamb wave propagation. The plate’s Young’s modulus (E) is 70Gpa, 

the poison’s ratio (υ) is 0.33 and the density (ρ) is 1517kg/m3. 

The A0 Lamb wave was excited by applying out-of-plane displacements to a half circular area 

with 6 mm diameter as shown in Figure 1. Shell elements with dimensions of 0.4×0.4 mm2 

were used in all plate models. Alleyne and Cawley [1] recommended the following equation 

for determining the maximum mesh size in simulating the propagation of guided wave: 

 𝑙𝑒  ≤  
𝜆𝑚𝑖𝑛

10
 (1) 

where le is the maximum mesh size and λmin is the minimum wavelength size in the simulations. 

The small mesh size (0.4×0.4 mm2) used in this study satisfies the requirement in Equ. (1) and 

ensures the accuracy of the simulations. 
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  Figure 1. Schematic diagram of the 3D FE model 

The dynamic simulation was solved using the explicit FE code in ABAQUS, which uses the 

central-difference integration. In this scheme, the integration operator matrix is inverted and a 

set of nonlinear equilibrium equations is solved at each time increment. Since the central 

different integration scheme is conditionally stable, the increment time step has to be small 

enough to ensure the stability. Stewart et al. [36] recommended limiting the hourglass energy 

to less than 2% of the total energy to ensure the accuracy of predicting the guided wave 

propagation in solids. Bathe [37] recommended the following condition in order to ensure the 

stability of the explicit analysis: 

 ∆𝑡 ≤  
𝐿𝑚𝑖𝑛

𝑐𝐿
 (2) 

where ∆t is the time increment, Lmin is the smallest mesh size and cL is the longitudinal wave 

speed. However, the time increment is automatically determined by ABAQUS for all 

simulations in this study.  

 

2.2. Phase and group velocity calculation 

The phase velocity of the Lamb waves (cp) can be calculated by [11,38] 
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 𝑐𝑝 =
2𝜋𝑓

𝑘
=  

2𝜋𝑓 𝛥𝜙

𝛥𝑥
 (3) 

 

where f is the central frequency of the incident Lamb wave, k is the rate of phase change at a 

certain distance, Δϕ is the phase change corresponding to measurement points with a distance 

of Δx (less than the wavelength). 

The group velocity is calculated from the energy density spectrum of the Lamb wave signals. 

The energy density spectrum can be calculated by continuous wavelet transform (CWT) (Veidt 

and Ng [14]). 

 𝑊𝑇(𝑝, 𝑞) =  ∫ 𝑢(𝑡)𝜒𝑝,𝑞
∗

∞

−∞

(𝑡)𝑑𝑡 (4) 

where 

 𝜒𝑝,𝑞(𝑡) =  
1

√𝑞
 𝜒 (

𝑡 − 𝑝

𝑞
) (5) 

p and q are wavelet transform factors and u(t) is the out-of-plane displacement of the guided 

wave signal. The asterisk donates the complex conjugate. 𝜒(𝑡) is the mother wavelet which is 

Gabor wavelet and is defined as: 

 𝜒(𝑡) =  
1

√𝜋
4  √

𝜔0

𝜂
exp[−

(
𝜔0
𝜂 )2

2
 𝑡2 + 𝑖𝜔0𝑡]  (6) 

The time-frequency analysis resolution is affected by the value of ω0 and 𝜂. These values are 

usually considered as ω0 = 2 𝜋 and 𝜂 =  𝜋 √2/𝑙𝑛2 ≈ 5.336. The energy density spectrum is 

calculated by |𝑊𝑇(𝑝, 𝑞)|2, which indicates the energy distribution of the signal around t = p, 

ω = ω0/q and is used to calculate the arrival time of the guided waves. The group velocity is 

defined as 
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 𝑐𝑔(𝑓𝑐) =  
∆𝑥

∆𝑡
 (7) 

where ∆t is the difference of the wave packet arrival times between two measurement points. 

 

3. Verification of intact finite element models 

 

3.1. Element type verification in FE simulation 

 

The aim of this section is to verify the element type used in the FE models. The model was the 

same aluminium plate as described in Sec. 2.1. The dimension of the aluminium plate was 400 

mm × 200 mm × 0.8 mm. As discussed in Sec. 2.1, S4R elements were used to simulate the 

Lamb wave propagation. In this section S4R and S4 elements were used to simulate the same 

aluminium plate and the results were compared to investigate the accuracy of S4R elements in 

simulating the A0 Lamb wave propagation. A sinusoidal tone burst pulse with signal frequency 

of 140 kHz and 5-cycle modulated by Hanning window was used for generating the A0 Lamb 

wave and the centre of the excitation area was located at r = 40mm and θ =180o. Fig. 1 shows 

the FE setup in this study and the locations of measurement points. The out-of-plane 

displacement signal at the monitoring point located at r = 40mm and θ =180o is shown in Fig. 

2. As shown in Fig. 2 there is a very good agreement between the results from these two FE 

models. Therefore, the S4R element was used for the rest of the studies in this paper.  
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Figure 2. Comparison between the out of-plane displacement results of S4R and S4 models 

3.2. Numerical verification of intact FE model 

This section presents a study of the A0 Lamb wave propagation in the aluminium plate described 

in Secs. 2.1 and 3.1. The FE model was validated by comparing the phase and group velocity 

of the Lamb wave with results calculated by DISPERSE [35]. In this part of the study, there are 

no defects in the aluminium plate. This study considered excitation frequencies from 20 kHz to 

380 kHz with steps of 20 kHz. In the FE simulation, the out-of-plane displacement of the A0 

Lamb wave was calculated at four measurement points with 2mm distance away from each 

other, in which the first measurement point is at 6mm from the excitation location. The captured 

data was used to calculate the group and phase wave velocities at different excitation 

frequencies. 

The group velocity was calculated by dividing the distance between the measurement points 

(2mm) by the difference of arrival time of the incident wave at two measurement points (Eq. 

7). Similarly, the phase velocity was obtained by calculating the phase change of the signals 

between two measurement points and then substituting them into Eq. (3). The phase and group 

velocity of the wave at each excitation frequency was calculated by averaging the calculated 

velocities from these four measurement points. The simulation results are compared with 

DISPERSE results to ensure that the FE simulations can accurately predict the propagation of 

the A0 Lamb wave in the aluminium plate. Figs. 3 and 4 show the phase and group velocity 

dispersion curves calculated by the FE simulations and DISPERSE.  
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Figure 3. Comparison between phase velocity dispersion curves obtained from FE simulations 

and DISPERSE 

 

Figure 4. Comparison between group velocity dispersion curves obtained from FE simulation 

and DISPERSE 

As shown in Figs. 3 and 4, the phase and group dispersion curves calculated from FE and 

DISPERSE have a very good agreement. This shows that, the FE simulations are able to predict 

the propagation of the A0 Lamb wave in the aluminium plate. 

 

4. Scattering analysis of the A0 Lamb wave at defects in the aluminium plate 

 

4.1. Analytical verification of FE model with damage 

 

This section presents a study of the A0 Lamb wave propagation in an aluminium plate with a 

damage. The aluminium plate has the same material properties and size as the one described in 

Secs. 2.1 and 3.1. A 7mm diameter through hole at the centre of the aluminium plate was 

modelled in the FE simulation. The aim of this section is to investigate the capability of 3D FE 

simulations in predicting the A0 Lamb wave scattering at defects. The accuracy of the results 

was verified using an analytical method, i.e the wave function expansion method [18].  

The FE setup is shown in Fig.1. A sinusoidal tune burst pulse with a signal frequency of 140 

kHz and 5-cycle modulated by Hanning window was used for generating the Lamb wave. The 

A0 Lamb wave was generated by applying an out-of-plane displacement to the nodal points.  

The wavelength of the incident A0 Lamb wave at 140 kHz is 7mm, and hence, the diameter of 

the through hole is the same as the wavelength. The through hole was created by removing the 
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FE elements as shown in Fig. 5. To extract the scattered wave signals, two simulations were 

carried out in the study. One is an intact plate and the other one is a plate with a through hole. 

Baseline subtraction technique was used for extracting the scattered A0 Lamb wave at the 

defect. The scattered A0 Lamb wave was obtained by subtracting data calculated from both FE 

models using Eq. 8.  

 𝐷𝑠
(𝑟,𝜃)

=  𝐷𝑑
(𝑟,𝜃)

− 𝐷𝑖
(𝑟,𝜃)

 (8) 

where 𝐷𝑠
(𝑟,𝜃)

 is the out-of-plane displacement of the scattered wave obtained from the 

measurement point located at (r,θ). 𝐷𝑑
(𝑟,𝜃)

 is the out-of-plane displacement from the damaged 

model and 𝐷𝑖
(𝑟,𝜃)

 is the out-of-plane displacement of the from the intact model. Based on the 

polar coordinate as shown in Fig. 1, the data was recorded at 36 measurement points located at  

r= 40mm and 0 ≤ 𝜃 ≤ 360 with θ =10° interval from each other. Since the distance of 

measurement points from the through whole is much larger than the wavelength, the generated 

evanescent waves can be ignored.  

  

Figure 5. Through hole in the FE model 

Fig. 6 shows the scattered A0 Lamb wave at the through hole. The SDP was used for comparing 

the results of the analytical method with FE simulation results.  
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Figure 6. Scattered A0 Lamb wave at through hole 

The SDP was obtained by calculating the maximum absolute amplitude of the scattered A0 

Lamb wave and then normalising them to the maximum absolute amplitude of the incident A0 

Lamb wave at the centre of the through hole in the intact model. Fig. 7 shows a comparison of 

the SDP obtained from the analytical approach and FE simulation.  

 

Figure 7. Analytical results and FE results of SDP for 7mm diameter through hole 
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Fig. 7 shows that the analytical results and FE results are in a very good agreement. Therefore, 

the FE simulation can accurately predict the Lamb wave propagation and scattering at defects 

in the aluminium plates. 

4.2. Damage case studies with through-thickness notches 

This section provides a comprehensive study of scattering characteristics of the A0 Lamb wave 

in aluminium plates with through-thickness notches. For this purpose, a number of FE models 

are considered in this section. The size and material properties of the plate is the same as the 

FE models described in Secs. 2 & 3. The through-thickness notches were created at the centre 

of the plate by removing FE elements. Five different notch orientations were considered in the 

study, i.e. 0°, 30°, 45°, 60° and 90°. For each notch orientation, the notch length to wavelength 

ratios (α=d/λ) from 0.2 to 2 with 0.2 steps are considered, where d is the notch length and λ is 

the wavelength of the incident A0 Lamb wave. The notch width is 1mm for all damage cases. 

As explained in Sec.3, the wavelength for 140 kHz is 7mm. Table 1 summarises the notch 

lengths considered for each notch orientation.  

Table 1. Notch lengths considered for each notch orientation 

Damage case 1 2 3 4 5 6 7 8 9 10 
α=d/λ 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Crack size (mm) 1.4 2.8 4.2 5.6 7.0 8.4 9.6 11.2 12.6 16 

 

 

The A0 scattered Lamb waves at 36 measurement points were calculated at r = 40mm and 0° ≤

𝜃 ≤ 360° with 10° intervals from the centre of the through-thickness notch, which fulfils the 

far field requirement for ignoring evanescent waves. Since the out-of-plane motion is the 

dominant displacement for the A0 Lamb wave, the nodal out-of-plane displacements were used 

in the study. Fig. 8 shows the through-thickness notch for Damage Case 8 (α =1.6) with notch 

orientation 90°.  
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Figure 8. Through-thickness notch with 90° orientation and α =1.6 

 

4.3. Scattering directivity pattern of the scattered A0 Lamb wave from through-

thickness notches 

 

The SPD was calculated using the method described in Sec. 4.1. Here, the scattered wave 

amplitudes were normalised by the maximum absolute amplitude of the signal at the centre of 

notch in the intact model. Figs. 9a - 9e show pictures of the incident A0 Lamb wave interacting 

and scattering at the through-thickness notches with α=1.4 (Damage Case 7) and different 

orientations (0°, 30°, 45°, 60°, 90°). The figures show that the energy distribution of scattered 

wave at each direction varies with notch orientation. Figs. 10a – 10e show the SDP of the 

scattered A0 Lamb wave from the notches with α =2.0 (Damage Case 10) and different 

orientations. The incident A0 Lamb wave direction and notch orientations are also shown in 

Fig. 10.  
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Figure 9. Typical contour plots of FE simulated out-of-plane displacement of the scattered A0 

Lamb wave at through-thickness notches with α=1.4 and notch orientations a) 0°, b) 30°, c) 45°, 

d) 60° and e) 90°, and t= 52 μs 
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Figure 10. SDPs of the scattered A0 Lamb wave from through-thickness notches with α =2.0 

(Damage Case 10) and different orientations a) 0° b) 30° c) 45° d) 60° and e) 90° 
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Figure 11. SDPs of the scattered A0 Lamb wave from through-thickness notch α =1.0 (Damage 

Case 5) and different orientations a) 0° b) 30° c) 45° d) 60° and e) 90° 

Figs. 11a - 11e show the SDPs of the scattered A0 Lamb wave from through-thickness notches 

with α =1.0  (Damage Case 5) and different orientations. The figures show that the SDP of 

notch orientation at 0° and 90° are symmetric with respect to 0° direction but SDP of other 

cases are not symmetric as the notch orientation suppresses the models symmetry. Therefore, 

the characteristics of the scattered A0 Lamb wave become complicated when notch orientation 

is not symmetric. The results show that forward and backward scattering amplitudes have 

almost the same order for notch orientation at 90° and they vary with the notch orientations. 
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However, the amplitude of forward scattering signals is larger than the amplitude of backward 

scattering signals in all cases shown in Fig. 11. 

The results also show that the amplitude of the scattered A0 Lamb wave from the notch has its 

largest magnitude when the notch is at orientation  90°  (perpendicular to incident wave 

propagation direction) but it has the smallest magnitude for the notch at orientation 0° (parallel 

to incident wave propagation direction). Therefore, for damage detection purposes, the best 

results are obtained when the propagation direction is perpendicular to the notch orientation. 

The results of this study indicate that it is most challenging for the notch to be detected if the 

incident wave propagation direction is parallel to the notch orientation. The results of this 

section indicate that the amplitude of forward scattering waves have a larger magnitude than 

backward scattering waves for all considered notch orientations, and the amplitudes of the 

scattered waves are sensitive to the orientation. 

 

4.4. Scattering characteristics of the scattered A0 Lamb wave from through-thickness 

notches 

 

In this section, the influence of notch length to wavelength ratio, notch orientation and the 

scattered A0 Lamb wave at different directions from the through-thickness notches are 

investigated. The scattered A0 Lamb wave amplitudes of a number of measurement points 

located at r=40mm and 0 ≤ 𝜃 ≤ 360 with 30° intervals from the centre of notches are shown 

in Figs. 12 and 13. The results of forward and backward scattered wave are shown in Figs. 12 

and 13, respectively. The scattered wave was extracted and the amplitude was normalised 

according to the method explained in Sec. 4.3. The normalised amplitudes of a number of 

monitoring points are presented against the notch length to wavelength ratio. It should be noted 

that the results of θ = 90° and θ = 270° have been included in both Figs 12 and 13. Figs.12a-

12e and 13a-13e show the normalised amplitude of forward and backward scattered waves 
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against notch length to wavelength ratio for all damage cases with different notch orientations, 

respectively.  

 
 

Figure 12. Normalised amplitude of the  forward scattered A0 Lamb wave against the notch 

length to wavelength ratio for all damage cases with notch orientations a) 0° b) 30° c) 45° d) 60° 

and e) 90° 
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Figure 13. Normalised amplitude of the backward scattered A0 Lamb waves against notch length 

to wavelength ratio for all damage cases with notch orientations a) 0° b) 30° c) 45° d) 60° and e) 

90° 

 

As shown in Figs. 12a-12e and 13a-13e, the amplitude of scattered waves increase with the 

notch length to the wavelength ratio and this is a major trend in most of the cases. However, 

this trend does not apply to all cases. The amplitude of scattered wave increases constantly with 

the increase of α for 0° notch orientation and measurement point direction at θ = 330° (Fig. 

12a) but the trend of the scattered wave amplitude changes for the cases when the notch 

orientations are 30°, 45°, 60° and 90°. In this case the amplitudes of scattered waves at this 

measurement point increases are first increase with α and then the amplitudes drop for larger 

value of α as shown in Figs.12b – 12e. However, the results show that there is a steady increase 

in the amplitude of forward scattering wave at θ=0°. Moreover, the amplitude of a scattered 

wave has the largest value at this measurement direction when the value of α is large for all 

cases. Therefore, it is expected that the amplitude of forward scattered wave can be a sensitive 
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tool for detecting notch length, especially for the measurement point at θ = 0°. Figs. 13a-13e 

indicate that none of measurement point data show a steady increase in amplitude of backward 

scattered wave when α increases for all notch orientations. However some show this trend for 

particular notch orientations.  For instance, the data captured at θ=120° show a steady increase 

with α for notch orientation of 60° (Fig. 13d). For other backward scattering cases, the 

amplitude of the A0 Lamb wave increases at first and then decrease is the dominant trend. This 

shows that selecting an appropriate propagation and measurement direction studies is critical 

in damage detection of notches in Aluminium plates. The results of this section also indicate 

that small amplitudes of scattered waves are observed if the incident wave propagation direction 

is parallel to the notch orientation. This can be observed in Figs. 12a and 13a that have the 

smallest forward and backward scattered wave amplitudes in all considered cases.  

5. Conclusion  

 

This paper studied the A0 Lamb wave scattering characteristics in an aluminium plate with 

different notch sizes and orientations. The A0 Lamb wave propagation and scattering 

characteristics at through-thickness notches in aluminium plate has been studied using 3D 

explicit FE simulations. The paper investigated the effects of incident wave propagation and 

measurement direction on the scattered A0 Lamb wave. A number of FE simulations have been 

carried out for different notch lengths and orientations. The results show that the SPD of the 

scattered A0 Lamb wave is asymmetric in the plate when the notch orientation is not 

perpendicular or parallel to the incident wave propagation direction.  

The study showed that the amplitude of the scattered A0 Lamb wave is very sensitive to the 

incident wave propagation and measurement direction. The amplitude of the forward scattered 

wave is small when the incident wave propagation direction is parallel to the notch orientation. 

However, the amplitude of the scattered wave increases significantly when the incident wave 

propagation direction is perpendicular to the notch orientation. The results of the scattered A0 

Lamb wave from different notch length to wavelength ratios show that the amplitude of the 
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scattered A0 Lamb wave increases with the notch length. However, the amplitude of forward 

scattered wave shows a steady increase with notch length when the propagation direction and 

monitoring point are perpendicular to the notch orientation. In other cases, the amplitude of the 

scattered wave has a major trend of increase with α and then decreases for larger notch length. 

The scattered the A0 Lamb wave with largest amplitude is obtained when incident wave and 

monitoring point angels are perpendicular to the notch orientation. The results also show that a 

very small amplitude of scattered wave is obtained when the notch orientation is parallel to the 

incident wave direction. This can be considered as the worst case in damage detection. 

The main outcomes of this paper which can be used for damage detection are listed as below; 

 A0 Lamb wave is sensitive to small notches and can detect the notches with a size of as 

small as a few millimetres. 

 The FE simulation can be used for prediction of propagation of A0 Lamb wave in 

Aluminium plates with notches. 

 The study shows that the amplitude of A0 Lamb wave in aluminium plates is sensitive 

to the notch orientation. Therefore, the findings of this study such as SPD patterns can 

be used for predicting the notch orientation. 

 The findings of this study show that a successful damage detection may not be obtained 

when the incident wave propagation direction is perpendicular to the notch orientation. 

Therefore, to avoid this situation, a series of transducer may be needed for damage 

detection. 

The results of this study provided improved physical insight into the characteristics of the A0 

Lamb wave scattering at a through-thickness notch in isotropic plates. The findings of this study 

help to further advance the use of the A0 Lamb wave for detecting and identifying notches, 

which are important to further developments of damage detection techniques using the A0 Lamb 

wave. 
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Chapter 5: Higher harmonic generation of guided waves at 

delaminations in laminated composite beams 

Abstract: Detection and characterization of delamination damage is of great importance to the 

assurance of structural safety. The present work investigates the potential of a baseline-free 

structural health monitoring technique based on higher harmonics resulting from the nonlinear 

interaction of guided wave and a delamination. The nonlinearity considered in this study arises 

from the clapping of the sub-laminates in the delaminated region, which generates contact 

acoustic nonlinearity (CAN). Both explicit finite element (FE) simulations and experimental 

tests are conducted on composite laminates containing a delamination of different sizes and at 

different through-thickness locations. The results show that the interaction between the 

fundamental asymmetric mode (A0) of guided wave and a delamination generates CAN in the 

form of higher harmonics, which provides a good measure for identifying the existence of 

delaminations and determining their sizes in laminated composite beams. This new insight into 

the generation mechanisms of nonlinear higher order harmonics in composite laminates will 

enhance the detection and monitoring of damage in composite structures. 

 

Keywords 

Contact acoustic nonlinearity, delamination, fiber reinforced laminated composite beam, finite 

element, nonlinear guided waves, higher harmonic 

 

1. Introduction 

 
Damage detection is essential to structural integrity management of engineered structures on 

which human safety depends. Structural health monitoring techniques employing guided waves 

and distributed sensors have shown promises in complementing existing non-destructive 
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evaluation (NDE) techniques, such as radiography, electro-mechanical impedance based, eddy 

current technique, visual inspection, shearography, thermography and conventional ultrasonic 

[1]. Compared to conventional NDE techniques, guided waves techniques [2-4] offer several 

major advantages, such as the ability to inspect inaccessible locations and large areas 

autonomously, without interrupting operations [5-9]. However, majority of guided wave 

methods require the baseline data, which is obtained by comparing the wave data obtained from 

the un-damaged state of structures (baseline data) and the data obtained the structures with 

defects [10,11]. 

Recently nonlinear ultrasonic phenomenon is emerging as a new concept to alleviate 

the need for baseline data by exploiting side bands and higher harmonics that are generated 

only by the clapping and/or friction between the faces of a crack subjected to an incident wave. 

When a guided wave encounters a linear structural feature, such as a hole or a stiffener, the 

scattered waves is of the same frequency as the incident wave. However, additional frequencies 

can be generated by geometrically nonlinear structural features, such as breathing cracks whose 

surfaces come into contact [12], or material nonlinearity [13,14]. Examples of these nonlinear 

acoustical phenomena include (a) higher harmonic generation, (b) sub-harmonic generation, (c) 

nonlinear resonance and (d) mix frequency response. Among these, higher order harmonic 

generation and frequency mixing have been commonly used as indicators of acoustic 

nonlinearities.  

Basically the non-linear acoustic phenomena involve classical and non-classic 

responses. The classical non-linear response is mostly concerned with material imperfections, 

such as intrinsic nonlinearities due to imperfections in atomic lattices leading to higher 

harmonic generation. Localized fatigue cracks, distributed micro-cracks or other material 

imperfections are some of the sources of classical non-linear response. Research work in this 

area also involves higher harmonic generation of Lamb waves used for the detection of material 

nonlinearity and damage.  
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Classical nonlinear effects in guided waves propagation have been investigated by many 

researchers and explored for damage detection. Deng [15,16] investigated the generation of 

second harmonic of shear horizontal waves and Lamb waves in metallic plates. Müller et al. 

[17] investigated the characteristics of second harmonic generation of Lamb wave in a plate 

with quadratic nonlinearity. Liu et al. [13] investigated the symmetry properties of second 

harmonic Lamb waves by examining anti-symmetric Lamb mode pairs. Zhang et al. [18] 

reported the observation of cumulative second harmonic generation of Lamb wave in long 

bones based on the modal expansion approach to waveguide excitation and the dispersion 

characteristics of Lamb waves in long bones. It was shown that the second harmonic generated 

by fundamental Lamb waves in long bones is observed clearly, and the effect is cumulative 

with propagation distance when the fundamental Lamb wave mode and its second harmonic 

wave mode have the same phase velocities. Xiang et al. [19] developed an analytical model for 

the effect of the interactions of dislocations with precipitate coherency strains on the generation 

of second harmonic of Lamb waves in metallic alloys. Lissenden et al. [20] studied generation 

of higher harmonics of guided waves in aluminum plates with plastic deformation. It was shown 

that plastic deformation has a significant effect on the harmonic amplitude ratio. Pruell et al. 

[21] studied the generation of nonlinear guided waves by fatigue crack in metallic plates. It was 

shown that the phase and group velocity matching is essential for practical generation of 

nonlinear guided waves. A technique was developed for quantitatively assessing fatigue 

damages in metallic plates based on nonlinear guided waves. Bermes et al. [22] developed a 

procedure to determine the second harmonic of the Lamb waves in metallic plates. Srivastava 

and Lanza di Scalea [23] theoretically studied the symmetry characteristics of Rayleigh–Lamb 

guided waves in nonlinear, isotropic plates. It was shown that antisymmetric motion is 

prohibited at all the higher order even harmonics whereas all the higher order odd harmonics 

allow both symmetric and antisymmetric motions. 

In contrast to classical nonlinear response, the non-classical non-linear response mostly 

arises in contact-type defects in material. Crack-wave interactions that exhibit vibro-acoustic 
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modulations, sub-harmonic generation or stress-strain hysteresis are some of the sources of non-

classical nonlinear responses. For a tight crack without any gap between its faces, its surfaces 

will close under compressive stress, thus allowing the compressive part of the wave to 

propagate through unimpeded. The tensile part of the wave, however, will open the crack, thus 

causing scattering, as shown in Fig. 1. Therefore, a tight crack effectively behaves like a half-

wave rectifier. When the crack surfaces come into contact, the dynamic pressure between crack 

faces generates additional waves approximately twice the frequency of the original wave, or 

nonlinear waves in the form of higher harmonics. Since higher harmonics are induced only by 

contacting surfaces, such as cracks, their presence, which can be identified directly from the 

total wave field without the need for accurate baseline data, offer a new route for baseline free 

damage detection or structural health monitoring.  

 

 

Figure 1. Interaction of an incident wave with a crack 

 

There are two non-classical nonlinear mechanisms due to the interaction of crack 

surfaces with a propagating incident wave. The first one is referred to as clapping, which is 

generated due to asymmetry in stress-strain characteristics for damaged interfaces causing the 

stiffness of the materials to be higher in compression but lower in tension. This asymmetric 

variation in local stiffness will distort the wave pattern and results in wave nonlinearity in the 

form of higher even harmonics of the incident wave frequency. The friction between damage 

interfaces when they slip causes symmetric change in local stiffness, which results in the 

generation of higher odd harmonics. Awrejcewicz and Olejnic [24], Pecorari and Solodov [25], 

carried out comprehensive studies on the effect of this second type of mechanism for wave 

nonlinearity. 
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Nonlinear analysis methods focusing on non-classical nonlinear behavior of interfaces 

are referred to as local nonlinearities, which have attracted increasing interest in theoretical and 

applied research in the past few years [26,27]. Kim et al. [28] developed a nonlinear model for 

investigating the contact acoustic nonlinearity (CAN) of a closed crack in aluminum plate in 

order to analyze the nonlinear characteristics of the transmitted waves. These studies have found 

that the interfacial stiffness has a significant effect on the amplitude of the resultant second 

order harmonic. The experimental results showed that the amplitude of the second order 

harmonic correlates with the crack closure process, in agreement with numerical results. 

Recently, Hong et al. [29] investigated the phenomenon of CAN related to breathing fatigue 

cracks and material nonlinearity using a piezoelectric sensor network. It was shown that the 

relative acoustic nonlinearity parameter increases proportionally with the wave propagation 

distance due to the geometric and materials nonlinearities. Solodov et al. [30] investigated the 

acoustic wave interaction with non-bonded contact interfaces (crack) in solids through 

experiments and simulations. It was shown that changes in the interface stiffness characteristics 

are the major cause of CAN. The stiffness parametric modulation and instability of oscillations 

are due to the asymmetry in the contact restoring forces, which results in the generation of sub-

harmonics. It was concluded that sub-harmonics and higher harmonics are good indicators for 

the existence of defects in metallic structures.  

 

A recent study was reported by Kishiwada et al. [31] on using the fundamental 

antisymmetric mode (A0) Lamb wave for detecting clapping actions between two thin 

aluminum plates under different pressures at the contact interface. The study showed that 

clapping between two aluminum plates generates higher harmonics especially odd harmonics 

of Lamb wave. Moreover, the applied pressure affects the dispersive behavior of asymmetric 

Lamb waves. It was concluded that the phenomena of generation of odd harmonics due to 
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clapping effect could be used for damage detection and imaging. More advanced non-classical 

nonlinear response techniques such as modulation methods were invented by Korotkov et al. 

[32] and Donskoy et al. [33] which involved both classical and non-classical nonlinear 

responses and exploited the effects of the nonlinear interaction between ultrasonic probing 

signal and a low frequency vibration for damage detection. 

 

To date, most of the studies on non-classical responses of nonlinear ultrasonic have 

focused on isotropic materials. Very limited research has been reported on the generation of 

nonlinear guided waves by delaminations in composite laminates [34,35]. In this study we 

present an experimental and computational investigation of the interaction between narrow-

band guided waves at the delaminations with a view of using of nonlinear guided waves for 

detecting delamination damage in fiber reinforced composites. 

 

This paper is organized as follows. The first section describes the experimental method 

to characterise the propagation behaviour of guided waves, including group and phase velocity, 

attenuation constants and nonlinear wave measurement. The second section describes 

computational simulations using three-dimensional (3D) finite element (FE) method for both 

the propagation and generation of non-linear guided waves, taking into account of the effect of 

attenuation. Verification of the FE model is then provided in the third section, which consists 

of linear and nonlinear guided wave verification. The forth section presents a validation of the 

FE model by comparing the simulated results with experimental data. The effect of material 

damping is modeled using Rayleigh damping coefficients. In the sixth section a comprehensive 

study of the nonlinear guided wave at delamination in laminated composite beam is carried out 

using the FE model, especially for delamination of varying size relative to the wavelength of 

the incident wave and at different through-thickness locations in the laminate. In addition, the 
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effect of damping on the nonlinear guided wave is also discussed. Finally conclusions are 

presented together with opportunities for future research. 

 

2. Experiment Details 

The experiments described in this section were carried out to verify the 3D FE models that will 

be employed to simulate the propagation of both linear and nonlinear guided waves. The 

accuracy of using the 3D FE models to predict the linear guided waves was verified by 

comparing the phase and group velocity dispersion curves with experimental results. The 

accuracy in predicting the nonlinear guided waves was confirmed by comparing the numerical 

simulation nonlinear guided wave, i.e. higher harmonics, induced by CAN with the 

experimentally measured data. 

 

2.1. Specimens 

For experimental validation of the FE models, specimens were manufactured from eight plies 

of VTM264 unidirectional carbon/epoxy prepreg with a stacking sequence of [0/90/0/90]S. This 

cured lamina has a fibre volume fraction of 0.55, with density and thickness being 1538 kg/m3 

and 0.2 mm, respectively. The elastic properties of the lamina are shown in Table 1. 

Table 1. Elastic properties of the VTM264 prepreg lamina 

E11 

(GPa) 

E22 

(GPa) 

E33 

(GPa) 

G11 

(GPa) 

G12 

(GPa) 

G13 

(GPa) 
𝑣12 𝑣13 𝑣23 

120.20 7.47 7.47 3.94 3.94 2.31 0.32 0.32 0.33 

 

The dimension of the composite beams is 285 mm × 12 mm × 1.6 mm. One specimen was 

intact, which is used to verify the performance of the 3D FE models in predicting the linear 

guided wave propagation. The other specimen had a 15 mm long delamination located between 

the third and fourth plies, as schematically shown in Fig 2. Two very short Teflon films were 
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first inserted between the third and fourth ply of the composite laminate during the 

manufacturing process. A three-point bending test was used to break the weak bonding between 

the laminae and Teflon films, and henc,e forming the delamination. The delamination was then 

grown to the desired length by increasing the applied load in the three-point bending test. 

 

 

Figure 2. Schematic diagram of a composite beam specimen with delamination and its cross 

section 

 

 

2.2. Experimental validation of linear guided waves  

A 12 mm × 6 mm × 2 mm rectangular piezoceramic transducer was adhesively bonded to one 

end of the beam to excite the A0 guided wave. A 3 mm thick brass backing mass was used to 

increase the excitability of the A0 guided wave. The excitation pulse was generated by a 

computer controlled signal generator with a 10 V peak-to-peak output range, which was further 

amplified to 50 V peak-to-peak output voltages using an amplifier. The out-of-plane 

displacements were measured by using a scanning laser Doppler vibrometer (Polytec PSV-400-

3D-M) and the data was sent to the laser controller and data acquisition system for post-

processing. A band-pass filter was introduced to the system and the average of signals was 

calculated over 1000 repeats of acquisitions to improve the signal-to-noise ratio. Fig. 3 shows 
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the experiment setup used in this study. This study employed a 5-cycle sinusoidal tone burst 

pulse modulated by a Hanning window. The central frequency of the tone burst was swept from 

20 kHz to 300 kHz at 20 kHz increments and the phase velocity and group velocity of the wave 

at each excitation frequency was calculated [11,36,37]. The phase and group velocity dispersion 

curves obtained using numerical simulation and experimental data were compared accordingly. 

 

 

Figure 3. Schematic diagram of the experiment setup used for verification of FE models 

 

2.3. Determination of material damping in laminated composite beams 

To account for material damping on the propagation of guided wave, a 5-cycle sinusoidal tone 

burst pulse modulated by Hanning window with central frequency of 140 kHz was applied on 

the intact laminated composite beam. Although there are no certain criteria on the selection of 

the excitation frequency, an appropriate frequency is considered to be able to achieve good 

signal-to-noise ratio, smaller wave dispersion, less number of existing wave modes, and high 

sensitivity to damage. In this study, the optimum excitation frequency was obtained through 

experimental observation. A couple of frequencies within the range of 50 kHz to 200 kHz were 

examined. Since 140 kHz showed the best signal-to-noise ratio, this excitation frequency was 

used for the rest of study. The maximum magnitude of the out-of-plane displacement was 
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captured at 19 measurement points, at a spacing of 10 mm, located between 20 mm to 200 mm 

away from the actuator. 

The attenuation coefficient (ki) is determined by curve-fitting the following relationship 

with the attenuation data [38]: 

 A(∆𝑥)

𝐴0
= exp(𝑘𝑖∆𝑥) (3) 

where 𝐴0 and 𝐴(∆𝑥) are the signal amplitudes at a reference point and at distance ∆𝑥 away 

from the reference point, respectively. The attenuation curve was plotted by finding the best 

exponential fit to experimental results and is shown in Fig. 4. The value of 𝑘𝑖 for the laminated 

composite beam employed in this study is 3.1 m-1. 

 

 

Figure 4. Attenuation of A0 guided wave in composite structure at 140 kHz 

 

Based on the attenuation coefficient, the Rayleigh mass proportional and stiffness 

proportional damping constants can be calculated from the following equations [38]: 

 𝛼𝜔 = 2𝑘𝑖𝐶𝑔 (4) 

 
𝛽𝜔 =  

2𝑘𝑖𝐶𝑔

𝜔2
 (5) 

where 𝛼𝜔 and 𝛽𝜔 are the mass proportional and stiffness proportional damping constants. 𝐶𝑔 is 

the group velocity and 𝜔 is the angular central frequency of the tone burst wave. The estimated 

group velocity of the A0 guided waves at 140 kHz is 1401 m/s. Therefore, the values of 𝛼𝜔and 
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𝛽𝜔 at frequency of 140 kHz are calculated as 8730 rad/s and 1.128×10-8 rad/s, respectively. 

These constants will be implemented in the FE models to account for the effect of material 

damping in the composite beams. 

2.4. Experiment setup for validation of non-linear guided waves 

Two rectangular piezoceramic actuators (12 mm × 6 mm × 2 mm) were adhesively attached to 

the beam with a delamination at 107.5 mm from the beam ends, respectively. The excitation 

signal was generated by a computer controlled arbitrary waveform generator (NI PXI-5412) 

with 10 V peak-to-peak output voltage and then amplified by an amplifier with peak-to-peak 

voltage of 50 V. The response of the receiver transducer was recorded by NI PXI-5105 digitizer 

for further post-processing. Fig. 5 shows the experiment setup used in this study. 

 

 

Figure 5. Schematic diagram of the experimental setup for investigating nonlinear guided wave 

 

3. Numerical simulations of guided waves in composite laminate 

In this study, a 3D explicit FE method [39] was used to simulate the propagation of guided 

wave in the cross-ply laminated composite beams. In the FE model, each lamina was modelled 

using a layer of eight-noded 3D fully integrated linear solid elements with incompatible modes 

(C3D8I) with hourglass control, and hence, there are eight layers of element across the thickness 

of the laminated composite beams. The incompatible modes have added internal degrees of 

freedom that improve the representation of bending in the interior of the element. Stewart et al. 
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[44] recommended limiting the hourglass energy to less than 2% of the total energy to ensure 

the accuracy of predicting the guided wave propagation in solids and this was implemented in 

all FE models throughout this study. Each node of the solid brick element has three translational 

degrees-of-freedom (DOFs). To ensure the numerical stability and to simulate the damping 

effect of composite materials, the FE models incorporate Rayleigh mass proportional and 

stiffness proportional damping discussed in the previous section [45].  

 

The A0 guided wave was excited by applying out-of-plane nodal displacements to 

surface nodes located at one end of the beam, which simulates a piston type excitation generated 

by a 12 mm × 6 mm rectangular transducer [46]. Linear solid elements with incompatible modes 

(C3D8I) and full integration, and having in-plane dimensions of 0.4×0.4 mm2 and 0.2 mm 

thickness were used in the beam models. It has been shown that this type of elements with an 

aspect ratio of 2 is suitable for simulating the propagation of guided waves at delaminations in 

composite laminates [39]. Packo et al. [40] investigated the simulation of propagation of guided 

waves in isotropic and anisotropic plates. It was shown that, for simulation of propagation of 

fundamental and first-order modes of Lamb waves in anisotropic plates, a typical 4-8 number 

of elements per ply of material provides the perfect results. However, other studies [41-43] 

show that one element per ply can still predict the propagation of Lamb waves in composite 

beams and plates with good accuracy when the incident frequency is below the cut-off 

frequency. In this study, to reduce the computational cost, each lamina was modelled using one 

element per ply. The dynamic simulation was solved by the explicit FE code in ABAQUS 

v6.14, which uses the central difference integration [47]. In this scheme, the integration operator 

matrix is inverted and a set of nonlinear equilibrium equations is solved at each time increment. 

Since the central different integration scheme is conditionally stable, the increment time step 

has to be small enough to ensure the stability. In this study the increment time step is 

automatically calculated by ABAQUS. 
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In the FE model, CAN is simulated by applying frictionless surface-to-surface contact 

interaction (friction coefficient is set to be zero) to avoid interpenetration of the delamination 

surfaces during the wave propagation. Direct enforcement method was used to maintain the 

pressure-penetration relationship through Lagrange multiplier method. By applying the direct 

enforcement condition in variational formulation for a steady-state analysis [47], the contact 

virtual work contribution 𝛿∏𝑐 

 
𝛿∏𝑐 =  𝛿𝑝ℎ + 𝑝𝛿ℎ (6) 

where p is the contact pressure and h is the overclosure. Hard contact was used in FE simulation, 

in which the contact pressure between two surfaces at a point is a function of the overclosure 

of the surfaces, i.e. the interpenetration of the surfaces. The hard contact model is described as 

p = 0 for h < 0  surfaces are not in contact 

 

h = 0 for p > 0 surfaces are contacting 

 

Material damping was applied in FE simulation using experimentally obtained Rayleigh 

mass and stiffness proportional damping constants; the values are presented in the following 

section. The scattered wave 𝑤𝑠(𝑡) is determined by subtracting the baseline data 𝑤𝑏(𝑡) from 

the total wave 𝑤𝑡(𝑡). In terms of the Fourier transform, this can be expressed as 

𝑤𝑠̂(𝑓𝑐) = 𝑤𝑡̂(𝑓𝑐) − 𝑤𝑏̂(𝑓𝑐) (6) 

By comparison, the second harmonics 𝑤𝑠̂(2𝑓𝑐) can be directly determined from the total field, 

because it is not present in the baseline,  

𝑤𝑠̂(2𝑓𝑐) = 𝑤𝑡̂(2𝑓𝑐) (7) 

The excitation signals in both the FE simulation and the experiment are a narrow-band tone 

burst in the form of an 8-cycle sinusoidal signal modulated by a Hanning window with a central 

frequency of 140 kHz. Fig. 6 shows a snapshot of the computational results of the interaction 

of A0 guided wave with the delamination in the laminated composite beam. 
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Figure 6. A typical contour snapshot of FE simulated out-of-plane displacement of guided wave 

in composite beam with a delamination (time = 128.9 μs. Scale factor = 250) 

 

4. Results and discussions 

4.1. Linear guided waves 

In this section, an experimental verification of the FE simulations for linear wave propagation 

in fibre reinforced laminated composite beams is presented. The verification focuses on 

comparing the numerically calculated A0 guided wave phase and group velocity dispersion 

curves with experimental results. In the FE simulations and experiments, the signal was 

extracted at four consecutive measurement points located 4 mm away from each other and the 

first measurement point was 100 mm from the excitation location. Since the first measurement 

location is away from the excitation more than four times of the wavelengths, the evanescent 

waves are negligible in the measurements. The captured data at four measurement points were 

used to calculate the phase and group velocity. The simulation results are compared with the 

experimental results to ensure the capability of the FE model in simulating the linear guided 

wave propagation in laminated composite beams. Fig. 7 shows the estimated phase and group 

velocity dispersion curves calculated from the FE simulated and experimentally measured data. 
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Figure 7. Phase and group velocity dispersion curves obtained by FE and experimental results 

As shown in Fig.7, both the phase and group velocity dispersion curves obtained from FE 

simulations have a good agreement with the experimentally measured dispersion curves. This 

confirms that the FE model is able to accurately predict the phase and group velocities of the 

guided wave in fiber reinforced laminated composite beams.  

 

4.2. Non-linear guided waves 

To reveal the higher harmonic waves, the results from experiments and FE simulation are 

transformed to frequency domain using the Fast Fourier transform (FFT). Figs. 8a and 8b show 

the results measured at 70 mm from excitation point for both intact and delaminated specimens. 

As shown in Fig. 8b, both FE simulated and experimentally measured data contain higher 

frequency components at around 280 kHz (twice of the incident wave frequency). However, 

the data obtained from the intact laminated composite beam, as shown in Fig. 8a, does not have 

higher harmonic components. Therefore, CAN is the major source of nonlinear waves in the 

laminated composite beams with the delamination. As shown by the experimental data in Fig. 

8b, the source of these humps can be due to surface roughness or friction at delamination 

interface [48]. Since friction was not considered in the FE model, these humps do not exist in 

FE model results. Overall these results confirm that the FE model is capable of predicting the 

generation of higher harmonic waves by delamination damage.  
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Figure 8. Normalized FFT of the signal obtained from the experiment and FE simulation, a) 

intact beam b) beam with the delamination located between 3rd and 4th ply. The response 

measured at 70 mm from excitation and 35 mm from centre of delamination.    

 

 

To gain fundamental understanding on the effect of delamination size on the higher 

harmonics generation, a range of sizes and through-thickness positions of delaminations were 

modeled in the FE simulations. The incident wave wavelength was calculated using DISPERSE 

software [49]. Tables 2 and 3 summarize the delamination lengths through-thickness locations 

considered in this study. The excitation location was at the left end of the beam and 

measurement locations were at locations of 160 mm (measurement point A) and 240 mm 

(measurement point B) away from the left beam end, which provide backward and forward 

scattering wave packets data, respectively. The scattered waves from the delamination were 

obtained by monitoring the out-of-plane displacement at the mid-thickness of the beam model. 

This ensures only the A0 guided wave is detected as the fundamental symmetric mode and shear 

horizontal mode of guided wave have zero out-of-plane displacement at this location. 

 

Table 2. Summary of damage cases considered different delamination through-thickness 

locations 

Damage case 1 2 3 4 

Delamination through-

thickness location 

Between 1st & 

2nd  layers 

Between 2nd & 

3rd layers 

Between 3rd & 

4th layers 

Between 4th & 

5th layers 
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Table 3. Summary of the delamination size to wavelength ratios (d/λ) considered in each damage 

case shown in Table 2 

d/λ 0.50 0.75 1.00 1.25 1.50 1.75 2.00 

Delamination size (mm) 4 6 8 10 12 14 16 

 

 

4.2.1 Nonlinear forward scattering signals 

The time-domain out-of-plane displacement obtained from the FE models (with and without 

considering the surface contact effect) at measurement point B for Damage Case 3 with 

delamination size to wavelength ratio (d/λ) of 1.0 (delamination size = 8 mm, located between 

3rd and 4th layers) is shown in Fig. 9. Wave distortion is observed in scattered wave signal when 

surface contact is modelled, while no discernible difference can be observed if surface contact 

is not considered. However, the wave distortion (the zoomed-in area in Fig. 9), which refers to 

nonlinear wave, is very small and hard to observe in the time-domain signal. The FE results 

show that there is only minor or no higher harmonic is observed when the delamination is 

located between 4th and 5th layer (Damage Case 4). This is because the delamination is located 

symmetrically in the through-thickness direction of the beam, which causes no contact 

interaction between the two sub-laminates within the delamination region when the incident 

pass through the delamination, and hence, no nonlinear guided wave is generated in this case.  

 

 

Figure 9. Transmitted wave response calculated by FE models with and without surface contact 

effect in Damage Case 3 (d/λ= 1) 
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Figure 10. FFT of forward scattered wave by using baseline subtraction 

 

 

  

    

  

Higher harmonics 

d/λ = 0.5 d/λ = 1.25 

d/λ = 0.75 d/λ = 1.50 

d/λ = 1.00 d/λ = 1.75 

Higher harmonics 

Higher harmonics 

Higher harmonics 

Higher harmonics 

Higher harmonics 

 

 

d/λ = 2.00 

Higher harmonics 
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To reveal the presence of higher harmonics, the time-domain signal was transformed to 

the frequency domain using FFT. Fig. 10 shows the normalised amplitudes of the forward 

scattering signals. To compare the amplitude of nonlinear higher harmonic wave with that of 

the linear wave, the scattered wave results were obtained by subtracting the responses from FE 

models with and without contact surface effect. After the baseline subtraction, the amplitudes 

of the components around 140 kHz and 280 kHz in frequency domain as shown in Fig. 10 are 

contributed by the linear scattered wave and the nonlinear guided wave due to the CAN at 

delamination, respectively. As shown in Fig. 10 several peaks are observed at higher 

frequencies in the model with contact interaction at the delamination region. In addition to the 

excitation frequency, second and third higher harmonics are visible in some cases. 

The processed data in frequency domain only reveal the existence of higher harmonics. 

However, to ensure that the delamination is the only source of the existing humps at higher 

harmonic frequencies in FFT results, the time-of-flight of the nonlinear wave packets were 

calculated. In this study the Gabor wavelet transform was used to provide the time-frequency 

information of the guided wave signals. The results in the time-frequency domain are presented 

in Figs. 11a and 11b, respectively, which clearly shows higher harmonics. In some damage 

cases, the second higher harmonic wave at 280 kHz almost arrives at the same as the linear 

scattered wave. Nevertheless, for some other damage cases, such as the case in which the 

delamination is located between 3rd and 4th ply, the higher harmonic wave packets arrive after 

the linear scattered wave. The results show that the variation in the time-of-flight of the 

nonlinear wave packet is attributed to the time of initialization of clapping between sublaminate 

surfaces at the delamination region. This means that, for some damage cases, it takes a certain 

amount of time until the clapping initiated at the sublaminate surfaces of the delamination and 

thus nonlinear wave packets generation is delayed. As shown in Figs. 11a and 11b, higher 

harmonics are located between 200 μs to 225 μs. This matches the time domain results, which 

indicate the signal distortion occurring immediately after the arrival time of incident wave. As 

shown in the results, the nonlinear wave packets in scattered wave packets are hidden within 
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the incident wave and sometimes those wave packets cannot be separated in time-domain 

acquired data. Therefore, processing the data in the frequency domain and time-frequency can 

reveal more useful information regarding the delamination.   

 

Figure 11. Time-frequency energy density spectrum of the forward scattered wave (after 

baseline subtraction) for Damage Cases 1-3 (left to right) and delamination size to wavelength 

ratio of a) 0.75 and b) 1.0. 

 

4.2.2 Nonlinear backward scattering signals 

Applying the same method used for studying the forward scattered wave, the FE simulation 

results are processed to extract the backward scattered waves. Similar to the forward scattering 

case, the Damage Case 4 (delamination located between 4th and 5th layers) did not generate any 

discernible nonlinear waves, while the other three cases produced nonlinear waves. The time-

domain out-of-plane displacements of Damage Case 3 (d/λ = 1) obtained from FE models with 

and without considering contact are shown in Fig. 12. The data was captured at measurement 

point A. Similar to forward scattered signals, the distortion is visible in the total reflected wave. 

However, the wave distortion is very small and hardly visible in the time-domain data. In the 

case of measurement point being close to the excitation location, the backward scattered signal 

will mix with the incident wave and the distortion may not be visible, which makes the time 

domain data ineffective for damage detection.  

 



108 

 

 

Figure 12. Reflected wave response calculated by FE models with and without surface contact 

effect in Damage Case 3 (d/λ = 1). 

 

Fig. 13 shows the FFT of the extracted nonlinear backward scattered waves for all three 

damage cases. Several peaks are observed at higher frequencies. As shown in Figs. 14a and 

14b, second harmonic at 280 kHz is visible in time-frequency energy density spectrums. Similar 

to time-frequency energy density spectrums of forward scattering waves, third harmonic is 

hardly visible in time-frequency energy density spectrums due to the small amplitude relative 

to the main reflected signal. It should be noted that the signal shown in the time-frequency 

energy density spectrums is obtained after the baseline subtraction, i.e. the incident wave 

information does not exist in the FFT and time-frequency energy density spectrums. The time-

frequency energy density spectrums provide additional information about the frequency and the 

arrival time of each wave packet. According to the time domain data, the wave distortion is 

located between 180 μs to 225 μs, which agrees with time-frequency energy density spectrumsj, 

i.e. the arrival times of the higher harmonics. In addition the results also show that the 

amplitudes of the second harmonic varies with delamination sizes and through-thickness 

locations. 
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Figure 13. FFT of nonlinear backward scattering waves extracted using baseline subtraction 
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Figure 14. Time-frequency energy density spectrum of the backward scattered wave (after 

baseline subtraction) for Damage Cases 1-3 (left to right) and delamination size to wavelength 

ratio of a) 0.75 and b) 1 

 

 

4.2.3 Comparison between the nonlinear forward and backward scattering waves  

It has been found that the second harmonics induced due to the incident wave interaction at the 

delamination have larger magnitude in forward scattering direction than the backward 

scattering direction [10]. To examine the effect of damage size on the nonlinear scattered wave, 

a comparison of the normalized amplitude of the backward and forward higher harmonics are 

presented in Figs. 15a-15c. The captured data at each measurement point were normalized to 

the amplitude of incident wave at the same measurement points in intact model. As shown in 

Fig. 15b (Damage Case 2), the result for the delamination located between 2nd and 3rd layer has 

the maximum amplitude of second harmonic. Moreover, the amplitude of the second harmonic 

of the forward scattered waves is slightly greater than the backward scattered waves for all 

considered delamination size to wavelength ratio. For Damage Cases 1 and 2, the amplitude of 

the second harmonic is not necessarily increasing with delamination size to wavelength ratio. 

However, the amplitudes of the forward and the backward scattered waves increase with 

delamination size to wavelength ratio in Damage Case 3 as shown in Fig. 15c. Therefore, the 

results indicate that the amplitude of second harmonic may not necessarily increase with the 

delamination size and it also depends on the delamination through-thickness location. In 

general, larger amplitude of second harmonic is observed in forward scattering direction than 
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in backward scattered direction. This shows that reflected wave signals from the delamination 

provide more information about the delamination in the laminated composite beams than the 

forward transmitted wave signals. 

 

 

Figure 15. Normalized amplitude of second harmonic against delamination size to wavelength 

ratio for a) Damage Case 1 b) Damage Case 2 and c) Damage Case 3 

 

4.3. Effect of damping and propagation distance 

In this section the effect of damping on the interaction of A0 guided wave with 

delamination due to CAN is studied. For this purpose, different Rayleigh damping values were 

considered in the FE models. The models were analysed using different Rayleigh damping 

values and the amplitude of second harmonic was captured and compared for all damage cases. 

The mass proportional Rayleigh damping coefficient α has a small effect when the excitation 

frequency is high. However, the frequency proportional Rayleigh damping coefficient β has a 

significant effect on the results. Therefore, α was considered constant in all models and β was 

varied from 1.128 ×  10−15 to 1.128 × 10−6. Fig. 16 shows the amplitude of the second 

harmonic for delamination with delamination size to wavelength ratio of d/λ = 1 in all three 

damage cases. The FE simulation results shown in Fig. 16 indicate that the amplitude of second 

harmonic decays with damping coefficient. The results indicate that amplitude of second 
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harmonic decreases rapidly with damping when the Rayleigh damping coefficient exceeds 

1.128×10-8 rad/s. Considering that the Rayleigh damping coefficient for the present composite 

material is 1.128×10-8 rad/s at 140 kHz and the frequency proportional damping coefficient is 

inversely proportional to the square of frequency (Eq. 5), the excitation frequency has a 

significant influence on the amplitude of the nonlinear wave.  

 

Figure 16. Normalized amplitude of second harmonic generated due to CAN as a function of 

Rayleigh damping value for delamination of d/λ = 1 and incident wave at 140 kHz. 

 

In addition to the effect of damping on the magnitude of second harmonic, the 

propagation distance also has a major effect on the magnitude of nonlinear waves. The data was 

captured at several measurement points in backward and forward scattering direction and 

presented in the frequency domain. Measurement points were located at 5λ (𝜆 = 8 𝑚𝑚) from 

the centre of the delamination and at a spacing of 10 mm (1.25 λ) between each measurement 

point. The captured data at each measurement point was normalized to the amplitude of incident 

wave at the same measurement points in intact model. The FE simulation results indicate that 

the amplitude of the second harmonic decreases with propagation distance in both forward and 

backward scattering directions. Figs. 17 shows the normalized amplitude of second harmonic 

against propagation distance for delamination of d/λ =1 and located at different through-

thickness locations. The results show that the second harmonic wave decreases exponentially 

with the propagation distance in the forward and backward scattering directions. Moreover, the 

Fig. 17 shows that the magnitudes of higher harmonic for all damage cases decay with the same 
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slope. This means that larger amplitude of second harmonic may be obtained when 

measurement point is located closer to the delamination. Therefore, it is anticipated that better 

results are obtained when the measurement point is closer to the delamination. 

 

 

Figure 17. Normalized amplitude of second harmonic against propagation distance in forward 

and backward scattering directions for the delamination of d/λ = 1 

 

4.4. Effect of incident wave amplitude and number of cycles 

To investigate the effects of the amplitude and number of cycles of the incident wave on the 

second harmonic, FE simulations with different the peak amplitude and the number of cycles 

of the incident wave were carried out. The data was captured in both forward and backward 

scattering directions. To investigate the effect of incident wave amplitude and the number of 

cycles on the second harmonic wave packet amplitude, the data from all damage cases were 

normalized to the maximum amplitude of the whole data set. The FFT of the reflected wave 

signals at measurement points for Damage Case 3 and d/λ = 1 were calculated. The results are 

presented in Figs.18a and 18b. Figs. 19a and 19b show the same results for transmitted waves. 

The results show that the amplitude of the second harmonic increases with incident wave 

amplitude and the number of cycles for both forward and backward scattering directions wave. 

However, the ratio of second harmonic amplitude to incident wave amplitude remains constant 

for all damage cases. Since the proposed damage detection technique relies on the amplitude of 
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the higher harmonic wave packets, the results indicate that using larger incident wave amplitude 

and more number of cycles could provide better damage detection outcomes.  

 

 

 

Figure 18. FFT of normalized reflected wave for various a) numbers of cycles and b) amplitude 

of incident wave in Damage Case 3 and d/λ = 1 

 

a) 

b) 

a) 
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Figure 19. FFT of normalized transmitted wave for various a) numbers of cycles and b) 

amplitude of incident wave in Damage Case 3 and d/λ = 1 

 

5. Conclusions  

The generation and propagation of nonlinear wave by the interaction A0 guided wave with the 

delamination in the fibre-reinforced laminated composite beams have been investigated using 

experimentally validated 3D FE simulations. The study has focused on the effects of size and 

through-thickness location of the delaminations on the higher harmonic generation. By 

accounting the surface contact and damping effect, the FE model is able to provide a reasonable 

prediction of the linear and nonlinear guided wave induced at the delaminations in the laminated 

composite beams. The higher harmonics induced by the interaction of the incident A0 guided 

wave with the delamination have been extracted and analysed in frequency domain and time-

frequency domain using FFT and continuous Gabor wavelet transform. 

 

The results of the FE simulations of the laminated composite beams with delaminations 

show that second harmonic guided waves are generated due to the clapping effect of the 

sublaminate surfaces at the delamination region. The second harmonic guided waves have been 

observed in both forward and backward scattering directions. The magnitude of the second 

harmonic depends on the through-thickness location of the delamination. For the delaminations 

located at the mid-plane of the laminated composite beams, only minor or no higher harmonic 

b) 
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is observed in the guided wave signals. In general the existence of the second harmonics is a 

good indication for the delaminations in laminated composite beams. The second harmonic 

exhibits a larger magnitude in forward scattering direction than backward scattering direction. 

Therefore, it has an advantage in monitoring the higher harmonic waves at the forward 

scattering direction, i.e. the transmitted waves. Moreover, it has been shown that the generation 

of higher harmonics is influenced by the through-thickness location of the delaminations.  

 

The studies on damping and propagation distance have shown that the amplitude of 

second harmonic decreases when damping and propagation distance increase. This is very 

important as longer propagation distance may result in smaller amplitude of second harmonic, 

which makes the damage detection more difficult and inefficient. It is also anticipated that 

damage detection becomes more complicated when the damping is high. The results of this 

study have shown an exponential decrease in second harmonic amplitude with damping 

coefficient. Therefore, the measurement location and damping are two important key factors 

for using second harmonic generated by CAN in damage detection. 

 

The results of different incident wave amplitudes and numbers of cycles have shown 

that the amplitude of second harmonic wave packet increases with the incident wave amplitude 

and number of cycles. Therefore, the incident wave with larger amplitude and more number of 

cycles could provide better damage detection results. This study has also shown that processed 

data in frequency domain and time-frequency domain provide more information of the 

delaminations in laminated composite beams than the time domain data. 

 

Overall this study has provided improved fundamental insights into the phenomenon of 

second harmonic generated by CAN at the delaminations in laminated composite beams. The 

characteristics of the nonlinear guided wave in forward and backward scattering directions have 
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been studied in detail. The findings of this study can be used to validate and improve the 

performance of damage detection methods using nonlinear guided waves. 
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Chapter 6: Locating delaminations in laminated composite 

beams using nonlinear guided waves 

Abstract 

This paper proposed a new method for detecting and locating delaminations in laminated 

composite beams using nonlinear guided wave. It is shown that when incident wave interacts 

at the delamination, the nonlinear effect of wave interaction with contact interfaces at the 

delamination can generate higher harmonic guided wave due to contact acoustic nonlinearity 

(CAN). The proposed method employs a transducer network to detect and locate the 

delaminations using the higher harmonic guided wave. A sequential scan is used to inspect the 

laminated composite beams by actuating A0 guided wave at one of the transducers while the 

rest of the transducers are used for measuring the impinging waves. A series of numerical case 

studies are performed using three-dimensional explicit finite element simulations, which 

consider different delamination locations, lengths and through-thickness locations. In addition 

experimental case studies are carried out to further validate and demonstrate the proposed 

method. The results show that the proposed method is able to accurately detect and locate 

delamination in the laminated composite beams using the higher harmonic guided wave. One 

of the advantages of the proposed method is that it does not rely on baseline data to detect and 

locate the delaminations, and hence, it has less influence by varying operational and 

environmental conditions. 

 

Keywords: nonlinear guided wave, contact acoustic nonlinearity, higher harmonic, 

delamination, laminated composite beam, baseline-free method, transducer network 
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1. Introduction 

1.1. Overview 

In last decade, fibre-reinforced composite materials have been widely used in different 

engineering structures due to its attractive characteristics, such as high specific stiffness, light-

weight and corrosion resistance. Delamination is one of the common types of damage for this 

kind of material and it could lead to structural failure. It is a separation of adjacent subsurface 

laminae without any obvious visual evidence on the surface and is usually caused by fatigue 

loading, low velocity impacts and imperfections during manufacturing process. Many 

techniques have been developed for detecting the delamination. In last two decades low-

frequency vibration damage detection approach has been extensively investigated in the 

literature [1-5]. However, this approach is generally not sensitive to local incipient defects, such 

as delamination. 

In the recent years, the use of guided waves has attracted considerable attention for damage 

detection [6-9]. Many studies have been carried out and focused on different types of materials, 

such as isotropic [10-15] and composite materials [16-18]. In the literature, guided waves have 

gained prominence for damage detection due to their potential for online structural health 

monitoring and inspection at inaccessible locations. Moreover, guided waves have been proved 

to be sensitive to small and different types of defects and are able to propagate long distance 

for monitoring relatively large area of structures [6,7]. So far, most of the existing ultrasonic 

guided wave damage detection techniques rely on linear guided wave scattering phenomena, 

such as reflection, transmission and mode conversion information at the excitation frequency 

[19-23]. Majority of these techniques detect the damage by comparing the guided wave signals 

obtained from the current condition of a structure with signals obtained from its pristine 

condition. However, the changing environmental and operational conditions, e.g. temperature 

variation, can significantly affect the performance and accuracy of the damage detection 

techniques relied on baseline data [24,25] and could lead to misdetection of the damage and 
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false alarms. Therefore, it limits the practical applications of the damage detection techniques 

using linear guided wave.  

  

1.1. Damage detection using nonlinear guided waves 

The use of nonlinear guided waves has recently attracted considerable attention. Recent 

developments have shown that the sensitivity of nonlinear guided waves to small defects is 

much higher than conventional linear guided waves. Thus, there has been a growing interest in 

theoretical developments and applied research on using various classical and non-classical 

nonlinear phenomena for damage detection. The nonlinear guided wave techniques rely on 

higher harmonic generation due to material nonlinearity [26] or contact acoustic nonlinearity 

(CAN) [27-29]. The higher harmonic generation has been known to be an indication of defect 

existence in structures. Early developments on the use of the higher harmonics generated by 

CAN focused on determining the existence of the defects in the structures. In recent years, 

significant progress has been made towards using higher harmonic guided waves for damage 

detection, which demonstrated the feasibility of using them for detecting plastic strain, fatigue 

damage, micro-cracking and other types of material damages [30-35]. 

Li et al. [30] proposed to detect thermal fatigue damage in composite laminates using second 

harmonic Lamb waves. It was shown that there is a monotonic increase of acoustic nonlinearity 

with respect to thermal fatigue cycles. It was concluded that nonlinear Lamb waves can be used 

to assess thermal fatigue damage and the technique is better than conventional linear Lamb 

wave technique in terms of accuracy and efficiency. Soleimanpour and Ng [31] investigated 

the generation of second harmonic when guided waves interact at delamination in laminated 

composite beams. It was shown that the second harmonics generated due to CAN is sensitive 

to the existence of delaminations in laminated composite beams. Hong et al. [32] investigated 

the phenomenon of CAN related to breathing fatigue cracks and included material nonlinearity 

effect in their study. They showed that the relative acoustic nonlinearity parameter increases 
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proportionally with the wave propagation distance due to the geometric and materials 

nonlinearities. Zhao et al. [33] studied the second harmonic generation of Lamb waves in 

transversely isotropic plate and a symmetric composite laminate. They showed that for 

transversely isotropic plate, when waves propagate along material principal directions, the 

symmetric second harmonic Lamb-like waves modes can be generated whereas for propagation 

direction other than material principal direction only the symmetric second harmonic waves are 

generated. Moreover, for symmetric composite laminate, only the symmetric second harmonic 

waves can be generated provided that the power flux is non-zero.  

Although extensive research works have been carried out on the use of higher harmonic for 

damage detection, there were very limited studies [34,35] focused on determining the location 

of the defects, especially for delamination in laminated composite materials using higher 

harmonic guided wave generated due to CAN. Kazakov et al. [34] proposed a method to 

determine the location of a crack using high-frequency tone bursts modulated by a continuous 

low-frequency wave. Experimental verification was carried out using a steel plate. Dziedziech 

et al. [35] proposed a damage detection method based on the synchronisation of the low-

frequency vibration with the interrogating high-frequency guided wave. The method was 

employed to detect and locate fatigue crack in aluminium beam experimentally. Their results 

demonstrated the feasibility of using higher harmonic guided wave for baseline-free damage 

detection.  

This paper presents a novel technique for determining the location of delaminations in 

laminated composite beams using higher harmonic guided wave generated by CAN. The 

proposed technique has the following advantages: 1) it does not rely on the baseline data for 

detecting and locating delaminations, and hence, it has less influence by varying environmental 

conditions; 2) the nonlinear damage feature is very sensitive to small incipient damages.  

The paper is organized as follows. Section 2 describes the theoretical background of CAN in 

generating the higher harmonic guided wave. Section 3 presents the proposed damage detection 
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methodology, which describes the details of the proposed damage detection technique of 

determining the location of delamination in laminated composite beams. In Section 4 a series 

of numerical case studies are presented. In this section, the performance and capability of the 

proposed damage detection methodology are assessed and demonstrated through a number of 

numerical case studies. Delaminations with different locations, sizes and through-thickness 

locations are considered. In Section 5, experimental case studies are presented to verify the 

applicability of the proposed damage detection mehtod in practical situation. Finally, 

conclusions are drawn in Section 6. 

  

2. Theoretical Background 

Higher harmonic generation involves various classical and non-classical nonlinear phenomena 

in ultrasonic wave responses. Classical nonlinear phenomenon refers to higher harmonic 

generation due to material imperfections, in which the wave distortion occurs when incident 

wave interacts with nonlinear elastic response of the medium during the wave propagation. In 

the presence of micro-scale damages, e.g. distributed micro-cracks in the materials, the higher 

harmonic generation is significantly enhanced. The phenomenon of higher harmonic generation 

due to material nonlinearity was formulated by Hegedron [36], Lee and Choi [37] and 

Naugolnykhand and Ostrovsky [38]. It was shown that if a harmonic input with a central 

frequency of ω is imposed on a nonlinear system, the output of the system contains higher 

harmonics of 2ω and 3ω while the input signal only contains a single frequency component of 

ω. Therefore, the material nonlinearity can be a possible source of the wave nonlinearity.  

In non-classical nonlinear phenomenon, higher harmonics can be generated due to CAN, which 

is a nonlinear effect of wave interaction with contact interfaces at material discontinuities, e.g. 

fatigue cracks and delaminations. CAN is related to the lack of stiffness symmetry for near-

surface strain across the interfaces [28]. Since the compression is accompanied by weakening 

or rupture of the contact between the surfaces, the compression elasticity is higher than that of 
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a tensile stress. Therefore when the mechanical wave passes through the contact interfaces, a 

bi-modular area is created and can be simulated by a piece-wise stress–strain relation. This bi-

modular surface causes clapping form of behaviour, which is generated due to asymmetry in 

stress-strain characteristics for damaged interfaces. The formulation of clapping between 

interfaces was proposed by Solodov et al. [28]. Consider a pair of interfaces, subjected to the 

clapping of the interfaces due to longitudinal or flexural wave. The clapping behaviour, which 

is caused by asymmetrical dynamics of the interface stiffness, can be approximated by a stress-

strain relation as [28] 

 𝜎 = 𝐸𝐼𝐼[1 − 𝐻(𝜀 − 𝜀0) (
ΔE

𝐸𝐼𝐼
)]𝜀 (3) 

 ΔE = [E𝐼𝐼 − 
dσ

𝑑𝜀
 ] for ε>0 (4) 

where ε is strain and σ is stress, 𝐻(𝜀) is the Heaviside unit step function and 𝐸𝐼𝐼 is the intact 

material second-order linear elasticity.  𝜀0 is the initial static contact strain. 

A harmonic strain 𝜀(𝑡) = 𝜀0𝑐𝑜𝑠𝜔𝑡 of period 𝑇 = 2𝜋/𝜔, which passes through the bi-modular 

interface, it works like a mechanical diode causing variation in 𝐸𝐼𝐼. In this case the 

compressional part of the wave penetrates into the contact region while the tensile part does 

not. Thus, once the incident wave interacts with the interfaces, the waves shape becomes nearly 

half-wave rectification, which provides an unconventional nonlinear waveform distortion as 

shown in Fig. 1. As 𝐸𝐼𝐼  is a periodic function of the frequency, at the damaged area the induced 

nonlinear part of spectrum 𝜎𝑁𝐿 is  

 𝜎𝑁𝐿(𝑡) =  𝛥𝐸(𝑡). 𝜀(𝑡) (5) 

which consists higher harmonics and the amplitude of the n-th harmonic 𝐴𝑛 are modulated by 

the sinc-envelope function as follows [28] 

 𝐴𝑛 =  ΔEΔτ𝜀0[𝑠𝑖𝑛𝑐((𝑛 + 1)Δτ) − 2cos (πΔτ)sinc(nΔτ) + sinc((n − 1)Δτ)] (6) 
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 Δ𝜏 =  
𝜏

𝑇
 , 𝜏 =

𝑇

𝜋
Arc cos(

𝜀0

𝜀0
) (7) 

where 𝛥𝜏 is the normalized modulation pulse length. When the strain is larger than the threshold 

of clapping ε0, i.e. ε > ε0, the spectrum of nonlinear vibration contains both odd and even 

harmonics [28].  

 

 

Figure 1. CAN strain-stress model and wave rectification 

3. Damage Detection Methodology 

The majority of existing damage detection techniques use baseline data for damage detection. 

It means that damage detection needs to be carried out by comparing the data obtained from the 

current state of the structure with the baseline data obtained from the pristine structure. 

However, the varying operational and environmental conditions of the structure can adversely 

influence the collected data and cause errors [2424,25]. To address this problem, this study 

proposes to use the second harmonic guided wave to detect and locate the delaminations in 

laminated composite beams, and hence, the damage detection does not rely on the baseline data. 

It has been shown that the fundamental anti-symmetric mode (A0) guided wave possesses a 

smaller wavelength compared to the fundamental symmetric mode (S0) guided wave at the same 

frequency. In addition, the anti-symmetric mode guided waves have much larger out-of-plane 

displacement magnitude than that in in-plane direction. As the out-of-plane displacement is 

perpendicular to the subsurfaces of the laminae (contact surfaces in CAN) at the delamination, 
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it provides a better correlation in terms of higher harmonic guided wave generation at the 

delamination. Therefore, A0 guided wave is used as the incident wave in this study. 

 

3.1. Transducer arrangement for damage detection 

Without loss of generality, a transducer network consists of at least three transducers is used to 

detect and locate the delamination in the laminated composite beams in this study. Each of the 

transducers can act as both actuator and receiver for excitation and measurement. The advantage 

of using the transducer network is that it provides a flexibility of inspecting a long length of 

one-dimensional (1D) waveguide (e.g. laminated composite beam), which addresses the wave 

attenuation issue due to material damping of laminated composite materials. In this section a 

transducer network consists of three transducers, labelled as Transducers 1, 2 and 3, is used to 

illustrate the concept of the proposed method for delamination detection and location. Fig. 2 

shows a schematic diagram of the transducer arrangement. The laminated composite beam is 

divided into four zones. A sequential scan for inspecting the laminated composite beam can be 

performed by actuating the A0 guided wave at one of the transducers while the rest of the 

transducers are used for measuring the impinging waves. 

 

 

Figure 2. Schematic diagram of a transducer network for detecting and locating delaminations 

In general there are two conditions, pulse-echo and pitch-catch, depending on the 

location of the delamination. Using the transducer network in Fig. 2, in which Transducers 1 

and 2 are used as actuator and receiver, respectively, as an example, if the delamination is 

located in zone 3, it is the pulse-echo condition. Under this condition, Transducer 2 measures 

the reflected waves, i.e. reflected linear guided wave and higher harmonic guided wave, from 
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the delamination. If the delamination is located in zone 2, it is the pitch-catch condition. 

Transducer 2 measures the transmitted waves, i.e. scattered linear guided wave and higher 

harmonic guided wave induced at the delamination. 

In this study a general approach, which considers both the pulse-echo and pitch-catch 

condition, is proposed to detect and locate the delamination in the laminated composite beams 

using the higher harmonic guided wave. Thus the proposed method is applicable to different 

actuation-sensing situations in the transducer network. Sections 3.2 and 3.3 describe the details 

of detecting and locating the delamination under the pulse-echo and pitch-catch conditions. 

 

3.2. Pulse-echo condition 

In the case of pulse-echo condition, the delamination is located at one side of both actuator and 

receiver as shown in Fig. 3c. The incident wave generated by the actuator passes through the 

receiver and then reaches the delamination. The receiver measures the reflected linear wave and 

second harmonic guided wave, which is induced due to the interaction of the incident wave 

with the delamination. The linear wave reflection is at the same frequency as the incident wave 

(fc) while the second harmonic frequency is at frequency 2fc. 

Figs. 3a and 3b show a schematic diagram of the incident wave and the second harmonic 

guided wave in time-domain and time-frequency domain, respectively. The incident wave and 

second harmonic guided wave package arrive the receiver at different times, i.e. 𝑡𝑓𝑐
 and 𝑡2𝑓𝑐

. As 

shown in time-frequency energy density spectrum in Fig. 3b, there are three contours. Two 

contours are at the excitation frequency fc and the other contour is at frequency 2fc. The two 

contours at fc refer to the incident wave and reflected linear wave package from the delamination 

while the contour at frequency 2fc refers to the second harmonic guided wave package generated 

due to CAN at the delamination. 

The arrival time of the incident wave (𝑡𝑓𝑐
) is 

  𝑡𝑓𝑐
=

𝑑𝑎−𝑟

𝑐𝑔(𝑓𝑐)
 (14) 
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where 𝑑𝑎−𝑟  is the distance between the actuator and receiver as shown in Fig. 3c and 𝑐𝑔(𝑓𝑐) is 

the group velocity of the incident A0 guided wave at the excitation frequency 𝑓𝑐. The arrival 

time of the second harmonic guided wave package (𝑡2𝑓𝑐
) is 

 𝑡2𝑓𝑐
=

𝑑𝑎−𝑟

𝑐𝑔(𝑓𝑐)
+

𝑑𝑑−𝑟

𝑐𝑔(𝑓𝑐)
+  

𝑑𝑑−𝑟

𝑐𝑔(2𝑓𝑐)
 (15) 

where 𝑐𝑔(2𝑓𝑐) is the group velocity of the second harmonic guided wave and 𝑑𝑑−𝑟 is the 

distance between the delamination and the receiver. Therefore, using Equations (14) and (15), 

the delamination location can be determined by 

 𝑑𝑑−𝑟 =  
∆𝑡.𝑐𝑔(2𝑓𝑐).𝑐𝑔(𝑓𝑐)

𝑐𝑔(2𝑓𝑐)+𝑐𝑔(𝑓𝑐)
  where   ∆𝑡 =  𝑡2𝑓𝑐

−  𝑡𝑓𝑐
 (16) 

where ∆𝑡 is the time difference between the arrival time of the incident wave (𝑡𝑓𝑐
) and the 

second harmonic guided wave (𝑡2𝑓𝑐
). Once the value of ∆𝑡 is determined from the measured 

guided wave data, the delamination location 𝑑𝑑−𝑟 can be obtained. 

In the case of using linear scattered wave information to detect and locate the 

delamination, it usually requires the baseline data to extract the linear scattered wave 

information when the delamination is close to the receiver or the beam is relatively short as the 

linear scattered wave overlaps with the incident wave or wave reflected from boundaries. In 

contrast the determination of the delamination location 𝑑𝑑−𝑟 using the higher harmonic guided 

wave, it only relies on the information of 𝑡𝑓𝑐
 and 𝑡2𝑓𝑐

 , i.e. the arrival time of the incident wave 

and second harmonic guided wave, as shown in Equation (16). Thus the delamination can be 

detected and located without the baseline data. 
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Figure 3. Typical signal in time domain, time-frequency domain and schematic diagram of the 

(a)-(c) pulse-echo and (d)-(f) pitch-catch condition 

 

3.3. Pitch-catch condition 

For the pitch-catch condition, the delamination is located between actuator and receiver as 

shown in Fig. 3f. Different to pulse-echo condition, the incident wave generated by the actuator 

first interacts with the delamination and then reaches the receiver. When the incident wave 

interacts with the delamination, it induces a linear scattered wave and a second harmonic guided 

wave due to CAN at the delamination. Figs. 3d and 3e show a schematic diagram of the incident 

wave and the second harmonic guided wave in time-domain and time-frequency domain, 

respectively. As shown in Fig. 3d the transmitted wave package contains the incident wave, 

linear scattered wave and second harmonic guided wave. The arrival time of the incident wave 

and higher harmonic guided wave are 𝑡𝑓𝑐
 and 𝑡2𝑓𝑐

, and they can be obtained at frequency 𝑓𝑐 and 

frequency 2𝑓𝑐 in the time-frequency domain, respectively. 

The arrival time of the incident wave travel from the actuator to the delamination and 

then to the receiver (𝑡𝑓𝑐
) is 
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  𝑡𝑓𝑐
=

𝑑𝑎−𝑑 + 𝑑𝑑−𝑟

𝑐𝑔(𝑓𝑐)
  (17) 

where 𝑑𝑎−𝑑 is the distance between the actuator and delamination in the pitch-catch condition. 

The arrival time of the second harmonic guided wave is 

 𝑡2𝑓𝑐
=

𝑑𝑎−𝑑

𝑐𝑔(𝑓𝑐)
+

𝑑𝑑−𝑟

𝑐𝑔(2𝑓𝑐)
 (18) 

Using Equations (17) and (18), the delamination location 𝑑𝑟−𝑑 can be determined by  

 𝑑𝑑−𝑟 =  
∆𝑡.𝑐𝑔(2𝑓𝑐).𝑐𝑔(𝑓𝑐)

−𝑐𝑔(2𝑓𝑐)+𝑐𝑔(𝑓𝑐)
  where Δ𝑡 =  𝑡2𝑓𝑐

− 𝑡𝑓𝑐
 (19) 

Under the pitch-catch condition, if the excitation frequency is at the flat region of the 

A0 group velocity dispersion curve, the group velocity of the higher harmonic guided wave 

𝑐𝑔(2𝑓𝑐) is almost the same as the group velocity of the linear incident wave 𝑐𝑔(𝑓𝑐), and hence, 

∆𝑡 ≈ 0. In this case, although information is not enough to determine the delamination location 

𝑑𝑑−𝑟 in the pitch-catch approach, it can still indicate the existence of the delamination and also 

the delamination zone, based on the presence of higher harmonic guided wave measured by the 

actuator-receiver pair. If the excitation frequency is at the dispersive region of the A0 group 

velocity dispersion curve, i.e. the low frequency non-flat region, the group velocity of the higher 

harmonic guided wave 𝑐𝑔(2𝑓𝑐) is higher than that of the incident wave 𝑐𝑔(𝑓𝑐). In this case, ∆𝑡 ≠

0, and hence, the delamination location 𝑑𝑑−𝑟 be determined without the baseline data. In 

contrast, the pitch-catch approach using the linear guided wave does not provide enough 

information to determine the delamination location even the baseline data is available. 

Therefore, the use of the higher harmonic guided wave can provide additional information for 

the damage detection. 

 

3.4. Determination of delamination zone and location  

In this study, the excitation frequency is selected at the flat region of the A0 group velocity 

dispersion curve, and hence, it can minimise the dispersion effect of the A0 guided wave to 

maximize the wave propagation distance. Under this situation, the group velocity of the higher 

harmonic guided wave is almost the same as the linear incident wave, therefore, the pitch-catch 

condition is only used to determine the existence of the delamination and the delamination zone. 
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 In practical situation, the existence and location of the delamination are unknown before 

the damage detection. A sequential scan is required to detect and locate the delamination using 

the transducer network as shown in Fig. 2, and hence, the actuator-receiver pair can be under 

pulse-echo or pitch-catch condition depending the location of the delamination. As discussed 

in Sections 3.2 and 3.3, if the difference of the arrival time between the incident wave and 

higher harmonic guided wave obtained from the measured data is ∆𝑡 ≈ 0, i.e. 𝑑𝑑−𝑟 ≈ 0, this 

means it is the pitch-catch condition, and hence, the delamination is located between this 

actuator-receiver pair. Therefore, the delamination zone can be identified. The location of the 

delamination can be determined by using the other actuator-receiver pair under the pulse-echo 

condition. In this case ∆𝑡 can be obtained from the measured data to determine the delamination 

location based on the Equation (16). 

 Table. 1 summarises all possible combinations in estimating the delamination location 

using a sequential scan of a transducer network with three transducers. The delamination 

location determined using the data measured by Transducer i is defined as 𝑑𝑑−𝑖 in Table 1. 𝑑𝑑−𝑖 

is the distance of the delamination away from the Transducer i. Using Transducer 1 as the 

actuator, the rest of the transducers as receivers, and the delamination is located in zone 2 as an 

example, all actuator-receiver pairs are in pitch-catch condition, and hence, 𝑑𝑑−2 ≈ 0 and 

𝑑𝑑−3 ≈ 0. It then needs to consider using Transducer 2 as the actuator. In this case, 𝑑𝑑−1 ≈ 0 

and 𝑑𝑑−3 > 0. Therefore the delamination is in zone 2 and the location is 𝑑𝑑−3. Similarly the 

delamination location can be obtained by using Transducer 3 as the actuator for the 

delamination located in zone 2, in which 𝑑𝑑−1 ≈ 0 but 𝑑𝑑−2 > 0. This means the delamination 

is in zone 2 and the location is 𝑑𝑑−2. In general, damage zone can be identified using any 

actuator-receiver under the pitch-catch condition and at least an actuator-receiver pair needs to 

be under pulse-echo condition for determining the delamination location. Since the 

delamination location is calculated based on the information of the incident wave and second 

harmonic guided wave, it can be detected and located without using the baseline data. 
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Table 1. Possible combinations for estimating the delamination location using a sequential scan 

of a transducer network with three transducers for delamination located at different zones 

Actuator Transducer 1 Transducer 2 Transducer 3 

Receiver Transducers 2 & 3 Transducers 1 & 3 Transducers 1 & 2 

Zone 1 dd-2 ≈ dd-3 

dd-2 

dd-3 > 0 

dd-3 > dd-1 

dd-1 

dd-3 > 0 

dd-2 > dd-1 

dd-1 

dd-2 > 0 

Zone 2 dd-2 ≈ 0 dd-3 ≈ 0 dd-1  ≈ 0 dd-3 > 0 dd-1  ≈ 0 dd-2 > 0 

Zone 3 dd-2 > 0 dd-3 ≈ 0 dd-1 > 0 dd-3  ≈ 0 dd-1  ≈ 0 dd-2  ≈ 0 

Zone 4 dd-2 > dd-3 

dd-2 

dd-3 > 0 

dd-1 > dd-3 

dd-1 

dd-3 > 0 

dd-1 ≈ dd-2 

dd-1 

dd-2 > 0 

 

3.5. Continuous Gabor wavelet transform 

In this study the measured data is processed by the continuous Gabor wavelet transform, and 

hence, the time-frequency energy density spectrum can be obtained for accurately estimating 

the arrival time of the incident wave and the higher harmonic guided wave from the 

delamination. The continuous wavelet transform (CWT) displays the scale-dependent structure 

of a signal as it varies in time. This scale-dependent structure is essentially the frequency. 

Therefore, CWT provides a view of the frequency versus time behaviour of the signal [39]. The 

wavelet coefficient 𝑊𝑇(𝑝, 𝑞) can be obtained by convolving the measured guided wave signal 

𝑢(𝑡) with the translation p and dilation q as 

 𝑊𝑇(𝑝, 𝑞) =  ∫ 𝑢(𝑡)𝜒𝑝,𝑞
∗

∞

−∞

(𝑡)𝑑𝑡 (21) 

where, 

 
𝜒𝑝,𝑞(𝑡) =  

1

√𝑞
 𝜒 (

𝑡 − 𝑝

𝑞
) 

(22) 

The asterisk donates the complex conjugate. 𝜒(𝑡) is the mother wavelet and Gabor wavelet is 

used in this study. The Gabor wavelet is defined as 
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 𝜒(𝑡) =  
1

√𝜋
4  √

𝜔0

𝜂
exp[−

(
𝜔0

𝜂⁄ )2

2
 𝑡2 + 𝑖𝜔0𝑡]  (23) 

The time-frequency analysis resolution depends on the value of 𝜔0 and 𝜂. These values are 

usually considered as 𝜔0 = 2 𝜋 and 𝜂 =  𝜋 √2/ln2 ≈ 5.336. The energy density spectrum is 

calculated by |𝑊𝑇(𝑝, 𝑞)|2, which indicates the energy distribution of the signal around t = p 

and ω = 𝜔0/q. Thus, the energy density spectrum can be used to calculate the arrival time of 

the incident wave and higher harmonic guided wave at a specific frequency, and hence, the 

delamination location can be accurately identified. 

 

4. Numerical Case Studies 

An eight-ply [(0/90)2]S laminated composite beam with a delamination was considered in this 

study. The dimensions of the beam is 166 mm × 12 mm × 1.6 mm. The elastic properties of the 

lamina are shown in Table. 2, and the thickness and density are 0.2 mm and 1538 kg/m3, 

respectively. The delaminations considered in the numerical case studies have different 

delamination locations, sizes and through-thickness locations. In this study a three-dimensional 

(3D) explicit FE method [40] was used to simulate the propagation of linear and higher 

harmonic guided wave in the laminated composite beams. The model was created in 

ABAQUS®/CAE and the simulations were solved by the explicit finite element code in 

ABAQUS/Explicit, which uses the central-difference integration [40]. In this scheme, the 

integration operator matrix is inverted and a set of nonlinear equilibrium equations is solved at 

each time increment. The increment time step is automatically calculated by ABAQUS. 

 

Table 2. Elastic properties of the lamina 

E11 

(GPa) 

E22 

(GPa) 

E33 

(GPa) 

G11 

(GPa) 

G12 

(GPa) 

G13 

(GPa) 
𝑣12 𝑣13 𝑣23 

120.20 7.47 7.47 3.94 3.94 2.31 0.32 0.32 0.33 
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Each lamina was modelled using a layer of eight-noded 3D full integration linear solid 

elements (C3D8I) with incompatible mode and hourglass control. The incompatible mode 

elements have more internal degrees-of-freedom (DoFs) compared to reduced integration mode 

elements. Each node of the solid brick element has three translational DoFs. The hourglass 

energy was limited to less than 2% of the total energy to ensure the accuracy of the finite 

element simulations [41]. Damping effect of the composite materials was considered in the 

simulation. It was simulated using the Rayleigh mass proportional and stiffness proportional 

damping using experimentally obtained results from the sepcimens with the same material 

properties in the Section 5. The A0 guided wave was used as the incident wave and it was 

simulated by applying out-of-plane nodal displacements to surface nodes of the beam, which 

simulates a piston type excitation generated by a 12 mm × 6 mm rectangular transducer. The 

in-plane dimensions of the elements were 0.4 mm × 0.4 mm and the thickness was 0.2 mm for 

all FE models. The delamination was modeled by duplicating the finite element nodes at the 

delamination region, which allows two sub-laminate interfaces located at the delamination 

region move independently. Contact-pair interaction with associated properties was assigned to 

the sub-laminate interfaces at the delamination to model the CAN effect described in Section 

2.  

In the numerical case studies the excitation signal was a 70 kHz narrow-band five-cycle 

sinusoidal tone burst modulated by a Hanning window. The wavelength of the A0 guided wave 

at this excitation frequency and second harmonic frequency are 16 mm and 8 mm, respectively. 

The group velocity of the guided wave was calculated using the CWT described in Section 3.5 

and compared with experimentally measured results. Fig. 4 shows the group velocity dispersion 

curve of the A0 guided wave. There is a good agreement between the results of the numerical 

simulations and experimental data. The noise effect was considered in the numerical data, 

which was simulated by adding white noise to the time-domain guided wave response. The 

noise level considered in this study was approximately 1% of the maximum amplitude of each 

signal, which is similar to the noise level observed in the experimental data in] Section 5. 



             139  

 

 

Figure 4. Group velocity dispersion curves of A0 mode guided wave 

Using the transducers network as shown in Fig. 2, two scenarios are considered in this 

study. Scenario 1 considers the delamination located in zone 3, i.e. between Transducers 2 and 

3, while Scenario 2 considers the delamination located in zone 4, i.e. at the beam end. Each 

scenario was studied numerically in this section and also experimentally in Section 5. The 

distance between each transducer is 50 mm and the Transducers 1 and 3 are located at 33mm 

away from the left and right beam ends, respectively. Different delamination lengths from 4 

mm to 16 mm in steps 4 mm were considered in the numerical study. Without loss of generality, 

the delamination lengths are presented in term as the delamination length to the wavelength of 

the incident linear A0 guided wave ratio 𝑑/𝜆.  Figs. 5a and 5b show the details of the Scenarios 

1 and 2 with delamination length of 8 mm, i.e. 𝑑/𝜆 = 0.5. For each delamination length, 

different delamination through-thickness locations were considered, i.e. the delaminations were 

located between the first and second, the second and third and third and fourth layers of the 

laminated composite beams. Table 3 shows a summary of damage cases considered in each 

scenario. In each scenario, 12 damage cases considering different lengths of delaminations 

located at different through-thickness locations were used to verify and demonstrate the 

performance of the proposed method in detecting and locating the delaminations. In total there 

were 24 damage cases considered in the numerical case studies. 
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Figure 5. Schematic diagram of Scenarios a) 1 and b) 2 in numerical case studies 

Table 3. Summary of delamination sizes and through-thickness locations of damage cases for 

each scenario in numerical studies 

Delamination length to 

wavelength ratio (d/λ) 

Delamination through-thickness location 

1st and 2nd layer 2nd and 3rd layer 3rd and 4th layer 

d/λ = 0.25 Case A1 Case A2 Case A3 

d/λ = 0.50 Case B1 Case B2 Case B3 

d/λ = 0.75 Case C1 Case C2 Case C3 

d/λ = 1.00 Case D1 Case D2 Case D3 

 

4.1. Scenario 1: Delamination is located between the actuator-receiver pair 

Fig. 6 shows a snapshot of the finite element simulation results when the A0 guided wave 

interacting with the delamination located at third and fourth layers in the laminated composite 

beam (Damage Case B3), in which 𝑑/𝜆 = 0.5. As shown in Fig. 6, the contact interaction applied 

to the subsurfaces of the laminae at the delamination, which prevents the interpenetration 

between the subsurfaces and simulates the CAN in delamination area.  

 

 

Figure 6. A snapshot of the A0 guided wave interacting with the delamination in Damage Case B3 
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The data calculated was the time-domain out-of-plane displacement responses at the 

location of the transducers. Figs. 7a-7c show the acquired data at the measurement locations in 

time-domain when the incident wave was excited at Transducer 1 and the data was measured 

at Transducer 2. In addition to the calculated time-domain data, the data proceed with Fast 

Fourier transform (FFT) is also shown in Fig. 7. According to the arrival time of the wave 

packages in Fig. 7, the first, second and third wave packages attribute to the incident wave, 

linear reflected wave from the delamination and wave reflection from the beam end, 

respectively. As the linear reflected wave is slightly overlapped with the incident wave package, 

it is difficult to accurately determine the arrival time of the linear reflected wave without the 

baseline data, especially for more complicated structures or delamination is close to the 

receivers. As shown by the frequency-domain data in Fig. 7, second harmonic was observed in 

all damage cases. To ensure the second harmonic was generated by the CAN at the 

delamination, an intact laminated composite beam was also created using the finite element 

method. It was confirmed that there is no higher harmonic in the intact laminated composite 

beam. 

 

 

Figure 7. Calculated signal in time-domain and frequency-domain for Damage Cases a) B1 b) B2 

and 3) B3 in numerical case studies 
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Although the presence of higher harmonic components in frequency-domain can 

indicate the existence of damage in the laminated composite beams, more information is 

required, i.e. arrival time of the second harmonic guided wave, to locate the delamination. 

Therefore, the calculated data was transformed to time-frequency domain using CWT described 

in Section 3.5. Fig 8a, 8b, 8d, 8e, 8g, and 8h show the time-frequency energy density spectrum, 

which are zoomed-in at frequency ranges around the excitation and second harmonic frequency 

for Damage Cases B1 and B2 and B3. The information is useful for determining the location of 

the delaminations. As shown in the time-frequency energy density spectrum, the energy is 

concentrated at two frequencies, i.e. around the excitation frequency and second harmonic 

frequency at different times. Figs. 8c, 8f and 8i also show the corresponding normalized wavelet 

coefficients at the excitation and second harmonic frequency. The arrival times of the incident 

wave and second harmonic guided wave, which were determined based on the maximum 

magnitude of the normalized wavelet coefficients at the excitation frequency and second 

harmonic frequency, respectively, are indicated by vertical dash-dotted lines. The estimated ∆𝑡 

are also indicated in the figures.  
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Figure 8. Time-frequency energy density spectrum, and corresponding normalised wavelet 

coefficient at excitation and second harmonic frequency for Damage Cases (a)-(c) B1, (d)-(f) B2 

and (g)-(i) B3   

 

For Damage Case B1, the arrival time of the incident wave and second harmonic guided 

wave at the excitation frequency and second harmonic frequency are 66.0 μsec and 100.3 μsec, 

respectively. Hence, the estimated delamination location from the receiver using Equation (16) 

is 𝑑𝑑−2 = 23.9 mm (from the Transducer 2 and between Transducers 2 and 3. Similarly, the 

estimated delamination location from the receiver for Damage Cases B2 and B3 are 𝑑𝑑−2 = 

25.9 mm and 𝑑𝑑−2 = 23.5 mm, respectively. It should be noted that the true left and right end 

location of the delamination are at 21 mm and 29 mm from the receiver (Transducer 2), i.e. 

𝑑̅𝑑−2 = 21 𝑚𝑚 − 29 𝑚𝑚. Since the higher harmonic guided wave is contributed by the 

occurrence of CAN at different locations within the delamination region, i.e. 21 mm – 29 mm, 
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the identified delamination location within this range is considered to be reasonably accurate. 

The results of other damage cases are summarised in Table 4. In Scenario 1, the delamination 

is located in zone 3, the delamination distance from Transducer 2 (𝑑𝑑−2) is useful for estimating 

the delamination location as the actuator-receiver pair (Transducer 1 – Transducer 2) is under 

the pulse-echo condition. Therefore, the results of 𝑑𝑑−2 are included in the Table 4. The results 

confirm that the proposed technique can detect and locate the delaminations without using the 

baseline data. As shown in Table 4, the delamination locations are accurately estimated in all 

damage cases. 

 

Table 4. Summary of all results for Scenario 1 in the numerical case studies 

Damage 

case 

Estimated arrival 

time 

Estimated 

delamination location* 

 True delamination 

location* 

𝑡2𝑓𝑐
(μsec) 𝑡𝑓𝑐

(μsec) 𝑑𝑑−2 (mm) 𝑑̅𝑑−2 (mm) 

A1 98.4 65.1 23.2 23-27 

A2 99.0 65.6 23.3 23-27 

A3 96.8 64.8 23.3 23-27 

B1 100.3 66.0 23.9 21-29 

B2 100.9 63.7 25.9 21-29 

B3 100.3 66.6 23.5 21-29 

C1 100.3 66.1 23.8 19-31 

C2 101.9 66.2 24.9 19-31 

C3 103.7 67.1 25.5 19-31 

D1 102.4 65.2 25.9 17-33 

D2 100.0 65.6 24.0 17-33 

D3 99.5 65.3 23.8 17-33 
* Delamination location from Transducer 2 and between Transducers 2 and 3. 

 

4.2. Scenario 2: Delamination is located at the beam end 

Scenario 2 considers the delamination located at the beam end. The time-domain signal 

measured by Transducer 3 while the Transducer 2 is used as actuator shows that the signal is 

more complicated compared to the signal in Scenario 1. Fig. 9a shows the reflected wave from 

the delamination is hidden in incident wave reflected from the beam end boundary in Damage 

Case C2. It is impossible to interpret the reflected linear wave from the delamination without 

the baseline data. However, the second harmonic can still be observed in the frequency-domain 
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as shown in Fig. 9b, which indicates the existence of the delamination. With the calculated 

signals from other actuator-receiver pairs, the delamination zone can be identified if the 

determined delamination location is close to zero. After that, the signal calculated by the 

actuator-receiver pair under the pulse-echo condition is used to estimate the delamination 

location. Table 5 summarises the estimated delamination locations for all cases and the results 

show that the delamination locations are accurately determined using the second harmonic 

guided wave without the baseline data. 

 

 

 

Figure 9. Calculated signal in time-domain and frequency-domain for Damage Case C2 in 

numerical case studies 

Table 5. Summary of all results for Scenario 2 in the numerical case studies 

Damage case 

Estimated arrival 

time 

Estimated 

delamination location* 

True delamination 

location* 

𝑡2𝑓𝑐
(μsec) 𝑡𝑓𝑐

(μsec) 𝑑𝑑−3 (mm) 𝑑̅𝑑−3 (mm) 

A1 110.5 66.6 30.8 29-33 

A2 116.1 67.3 32.5 29-33 

A3 113.1 67.4 31.8 29-33 

B1 110.0 66.7 30.2 25-33 

B2 109.6 66.3 30.3 25-33 

B3 102.1 66.3 25.7 25-33 

C1 98.7 66.4 22.5 21-33 

C2 98.7 65.8 22.9 21-33 

C3 950 64.8 21.3 21-33 

D1 100.3 66.5 23.5 17-33 

D2 104.2 67.0 25.9 17-33 

D3 99.2 66.4 22.9 17-33 
* Delamination location from Transducer 3 and between Transducer 3 and beam end. 
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5. Experimental Case Studies 

In experimental case studies, two eight-ply [(0/90)2]S laminated composite beams were 

manufactured. The specimens were made by unidirectional carbon/epoxy prepreg and the 

elastic properties of the lamina are E11 = 120.20 GPa, E22 = E33 = 7.47 GPa, G11= G12 = 3.94 

GPa, G13 = 2.31 GPa, ν12 = 0.32, ν23 = ν13= 0.33 and ν13 = 0.32, which are the same as the 

material properties used in the finite element model as shown in Table 2. This lamina has a 

fibre volume fraction of 0.55, with density and thickness being 1538 kg/m3 and 0.2 mm, 

respectively. 

The dimensions of the laminated composite beams are 166 mm × 12 mm × 1.6 mm, 

which are the same as the numerical case studies. There was a 15 mm long delamination in each 

composite beam. In Damage Case 1, the delamination is located between the third and fourth 

ply. The true right and left end locations of the delamination are at 17.5 mm and 32.5 mm, 

respectively, i.e. 𝑑̅𝑑−2 = 17.5 mm – 32.5 mm at the right hand side of the Transducer 2. In 

Damage Case 2, the delamination is located between the third and fourth ply and between the 

Transducer 3 and the right beam end. The true left and right end locations of the delamination 

are at 18 mm and 33 mm from the Transducer 3, i.e. (𝑑̅𝑑−3 = 18 𝑚𝑚 − 33 𝑚𝑚). The details 

of the specimens and the location of the transducers are shown in Fig 10. For creating the 

delaminations, two short Teflon films were first inserted at the required through-thickness 

location during the manufacturing process of each laminated composite beam. Three-point 

bending test was then employed to create the required delamination length by breaking the weak 

bonding between the plies and Teflon film. 
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Figure 10. Schematic diagram of composite beam specimens with a delaminations for a) Damage 

Case 1 b), Damage Case 2 and c) cross-section at delamination location in experimental case 

studies 

 

A computer controlled National Instrument PXIe-1073 chassis, which consists of a NI 

PXI-5412 arbitrary waveform generator and a NI PXI-5105 digitizer was used in the 

experimental study. Three rectangular piezoceramic transducers with dimension 12 mm × 6 

mm × 2 mm were adhesively attached to the surface of the laminated composite beam 

specimens. The excitation signal was generated by the arbitrary waveform generator and then 

amplified by an amplifier with peak-to-peak voltage of 50 V. The responses of the receiver 

were recorded by digitizer and then sent to the computer. Fig. 11 shows the schematic diagram 

of the experiment setup. The excitation signal is the same as the numerical case studies in 

Section 4, i.e. a 70kHz narrow-band five-cycle sinusoidal tone burst modulated by a Hanning 

window. 
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Figure 11. Experiment setup 

The transducers were actuated sequentially, in which one of the transducers was used 

to generate the incident wave while the other two transducers were used for data acquisition. 

The delamination zone was first identified using Table 1. Figs. 12a and 12b show the measured 

results by one of the actuator-receiver pairs in the frequency-domain. Fig. 12a is the data 

measured by Transducer 2 while Transducer 3 was used as the actuator in Damage Case 1. In 

Fig. 12b, the data was measured using Transducer 3 while Transducer 2 was the actuator in 

Damage Case 2.  

 

 

Figure 12. Measured signal in frequency-domain, a) Transducer 2 is the receiver while 

Transducer 3 is the actuator in Damage Case 1, b) Transducer 3 is the receiver while 

Transducer 2 is the actuator in Damage Case 2 
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To determine the delamination location, the measured data was transformed to time-

frequency domain using CWT. Fig. 13a and 13b show the time-frequency energy density 

spectrum for Damage Cases 1 and 2, respectively. The normalized CWT coefficient at the 

incident wave frequency and second harmonic frequency are also shown in Figs. 13c and 13f. 

In Damage Case 1, the arrival time of the incident wave and second harmonic guided wave are 

69.8 μsec and 116.4 μsec, respectively. The estimated delamination location is 𝑑𝑑−2 = 32.5 mm 

from the receiver (Transducer 2), which is within the true delamination location range, i.e. 𝑑̅𝑑−2 

= 17.5 mm – 32.5mm. In Damage Case 2, the arrival time of the incident wave and second 

harmonic guided wave are 79.8 μsec and 107.9 μsec, respectively.  

 

 

Figure 13. Time-frequency energy density spectrum zoom-in, and the corresponding normalised 

CWT coefficients at excitation and second harmonic frequency for a) Damage Case 1 and b) 

Damage Case 2. 
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Therefore the estimated delamination location is 𝑑𝑑−3 19.6 mm, which is again within the true 

delamination location range, i.e. 𝑑̅𝑑−3= 18 mm – 33 mm. Overall the results show that the 

delamination location can be accurately determined without using the baseline data. 

 

6. Conclusions 

In this study, a baseline-free method has been proposed to detect and locate the delaminations 

in laminated composite beams using the higher harmonic generated guided wave due to CAN. 

To take into account the practical situation, the proposed method employs a transducer network 

consisting at least three transducers. A sequential scan for inspecting the laminated composite 

beam has been performed by actuating A0 guided wave at one of the transducers while the rest 

of the transducers are used for measuring the impinging waves. The proposed method covers 

all possible conditions, i.e. pulse-echo and pitch-catch, in using the higher harmonic guided 

wave and the transducer network to detect and locate the delamination without baseline data. 

The continuous Gabor wavelet transform has been used to accurately extract the arrival time 

information of the higher harmonic guided wave. A series of numerical case studies have been 

carried out, which have considered 24 damage cases with different delamination locations, 

lengths and through-thickness locations. The experimental case studies have also been carried 

out to further validate and demonstrate the capability of the proposed method. Overall the 

results show that the proposed method is able to accurately detect and locate the delamination 

in the laminated composite beams without using the baseline data. 
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Chapter 7: Conclusions and Recommendations for Future 

Works 

1. Conclusions 

This thesis provided a study of linear and nonlinear guided waves in isotropic and anisotropic 

materials. This research commenced by studying the propagation of linear guided waves in 

isotropic material which has less complications compared to composite material. The linear 

parameters of guided waves interacting with defects was studied in the third chapter. The results 

of Chapter 3 showed that A0 Lamb wave is sensitive to small defects and can detect the defects 

with a size of as small as a few millimetres. It was shown that the proposed FE simulation 

modelling techniques in this chapter could be used for prediction of propagation of A0 Lamb 

wave in aluminium plates with notches. The results showed that the amplitude of A0 Lamb 

wave in aluminium plates is sensitive to the notch orientation too. A couple of SPD patters were 

generated in this chapter which could be used for predicting the notch orientation. Moreover, 

the results showed that a successful damage detection may not be obtained when the incident 

wave propagation direction is perpendicular to the notch orientation. Therefore, to avoid this 

situation, it may needs a series of transducer for damage detection. The study was expanded to 

composite material in Chapter 4.  

Propagation and scattering characteristics of linear A0 guided wave in fibre reinforced 

composite beams was studied in Chapter 4. 3D finite element simulations were carried out and 

compared with experimental data. Good agreement was found between finite element 

calculated and experimentally measured phase and group velocity. 

The results of intact composite beam showed that, in addition to, the incident wave, several 

wave packets are generated due to interaction of guided wave with the boundaries at the both 

sides of the beam cross-section. The interaction of incident wave with beam cross-section 
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boundaries incur some unique phenomena that do not exist in plates and should be considered 

carefully during the data analysis.  

This chapter also investigated effect of several parameters, such as delamination size to the 

wavelength ratio and different delamination through-thickness locations, on scattering 

characteristics of A0 guided wave. S0 and A0 guided waves were extracted using the arrival time 

of reflected wave packets from the delaminations and beam ends by using the measured nodal 

displacement at the top and bottom surfaces of the beam. The results showed that multiple mode 

conversions happen when S0 and A0 guided waves interact with delamination. The second and 

third interfaces delamination through thickness location cause largest wave reflections whereas 

larger wave transmission occurs when delamination is located between fourth and fifth layers. 

The findings of this chapter can be beneficial to damage detection in composite beams.  

Chapter 5 investigated the non-classical nonlinear response of guided waves in composite 

beams. The FE simulation modelling technique and linear guided waves experimental method 

used in previous chapters were used for validation of preliminary results in this chapter. The 

results of the FE simulations showed that clapping effect of the sublaminate surfaces at the 

delamination region cause CAN in form of second harmonic guided waves in forward and 

backward scattering directions. It was shown that the existence of the second harmonics is a 

good indication for the delaminations in laminated composite beams. 

The results showed that the magnitude of the second harmonic depends on the through-

thickness location of the delamination. It has an advantage in monitoring the higher harmonic 

waves at the forward scattering direction as the magnitude of second harmonic is larger for 

forward scattering direction than backward scattering direction.  

Some important parameters were considered in the study such as damping, propagation 

distance, incident wave amplitude and number of cycles. The studies on damping and 

propagation distance showed that the amplitude of second harmonic decreases when damping 

and propagation distance increase. It was shown that damage detection using nonlinear guided 
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waves in material with high damping ratio is more complicated. The measurement location and 

material damping are two important parameters in using second harmonic generated by CAN 

in damage detection. 

The results showed that the incident wave with larger amplitude and more number of cycles 

could provide better damage detection results as the amplitude of second harmonic wave packet 

increases with the incident wave amplitude and number of cycles. This chapter concluded that 

without using a baseline data, processed data in time domain provide little information 

regarding delamination whereas the frequency domain and time-frequency domain provide 

more information of the delaminations in laminated composite beams. 

In summary, Chapter 5 provided improved fundamental insights into the phenomenon of second 

harmonic generated by CAN at the delaminations in laminated composite beams and the 

findings of this chapter can improve the performance of damage detection methods using 

nonlinear guided waves. 

In Chapter 6, a baseline-free damage detection and localisation method, which covers pulse-

echo and pitch-catch conditions, was proposed for detecting delamination in laminated 

composite beams using CAN. A network of three transducers was employed for damage 

detection and damage localisation in the laminated composite beam by actuating one of the 

transducers and using the rest of the transducers as receivers for measuring the impinging 

waves. This chapter, takes the advantages of the validated methods presented in previous 

chapters such as FE simulation modelling technique, calculation of time of arrival of the wave 

packets, generation of higher harmonics due to CAN, experimental approach for detecting CAN 

and data processing in time-frequency domain. A series of numerical case studies were carried 

out, with taking important factors into consideration such as different delamination locations, 

lengths and through-thickness locations. The FE simulation results had a good agreement with 

experimental data which shows that proposed technique can successfully be used for damage 

detection and damage localisation in composite beams. This technique does not rely on baseline 
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data, which is its major advantage over conventional linear damage detection and damage 

localisation techniques.  

 

2. Recommendations for future works 

Similar to other research works, there are some limitations in the current research. Therefore, 

further researches are recommended as follows: 

1. During 3D FE simulation, the A0 guided wave was simulated by applying out-of-plane 

nodal displacements to surface nodes of the beam, which simulates a piston type excitation 

generated by a transducer. It is recommended that A0 guided waves are generated by 

modelling the real piezoelectric elements in FE simulation, which may provide more 

realistic results.  

2. 3D FE simulations were carried out assuming pure A0 guided wave as the incident wave. 

However, generating pure asymmetric guided wave is practically impossible. Therefore, it 

is recommended that other possible modes such as symmetric mode are taken into 

consideration. 

3. In Chapter 3, analytical approach was used for FE simulation validation. It is recommended 

that in addition to analytical approach, validation of results is carried out using experimental 

approach. 

4. As explained in Chapter 5, the propagation distance of nonlinear guided waves is highly 

affected by the material damping. This could be an issue when this technique is used in 

composite laminate. Therefore, the proposed damage detection technique is open to further 

improvement as more study is carried out on possible methods for increasing the 

propagation distance of nonlinear guided waves in composite laminates. 

5. Chapter 5 has investigated the phenomena of generation of nonlinear guided waves in 

composite beams. Similar study is recommended for composite plates. 
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6. In Chapters 5 and 6, 3D FE simulation of the models was carried out without taking friction 

coefficient into consideration. As explained, the friction may affect the generation of higher 

harmonics due to CAN. Therefore, further investigation is recommended regarding the 

effects of friction on generation of higher harmonics. 

7. The proposed damage localisation technique in Chapter 6 is only applicable for beams, 

whereas more investigations is highly recommended for proposing a baseline free damage 

localisation for detecting defects in composite plates.  

8. Chapters 5 and 6 study nonlinear guided waves due to CAN. However, previous studies 

show that material nonlinearity is also a major source of nonlinear response of guided 

waves. Therefore, it is recommended that further studies are required to take into account 

the two sources of nonlinear response (CAN and material nonlinearity).  

9. The proposed technique in Chapter 6 is applicable for detecting and locating delamination 

in composite beams. However, further studies is recommenced for expanding the technique 

for damage quantification which is an important area in structural health monitoring.  
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